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A. RESEARCH OBJECTIVES AND ACCOMPLISHMENTS

The first primary objective was to obtain an understanding
of the properties of relatively stiff polymer <chains, and to
provide guidance on how these properties can be exploited to
obtain high-performance polymeric materials. More specifically,
one goal was to use semi-empirical and quantum-mechanical methods
to obtain information on the physical properties of rigid-rod
benzobisoxazole (PBO), benzobisthiazole (PBT), and structurally
related polymers. These materials are of importance to the Air
Force because of their high mechanical strength and excellent
thermal stability. Such calculations involve energy calculations
on both intramolecular (conformational) effects and interchain
interactions for the polymers 1in both the unprotonated and
protonated states. Of partic.lar interest is the extent to which
the various ring structures in the <chains deviate from
coplanarity, and how these deviations affect the ordering of the
chains in the «crvstalline state. A related feature 1is the
protonation of these chains, which occurs in the strongly acidic
media wused as solvents, and 1its <effect on structure and
deviations from coplanarity.

One specific study 2:}* involvec conformational energy
calculations on two polymer: (AAPBO an<d ABPBO) related to PBO.

Another (32) addressed chain =2cking in a ladder polymer (BBL),

*
Reference numbers correspc.. *to those in the attached Cumulative

List of Publications.
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and a less stiff but structurally related polvmer (BBE). Good
agreement with experimental structural studies was obtained, and
the geometry optimization technique was tested on a series of
small molecules (16). All of the results obtained on these
aspects of the program are cummarized in several more general
review articles (7,35,43),

Some theoretical and experimental investigations were also
carried out on more tractable random-coil polymers in order to
evaluate the theoretical methods and to obtain morc insight into
the properties of the structurally related rigid-rod polymers.
These studies specificelly involved some polysilanes
(6,31,38,47), polygermanes (47), polysiloxaner (9), ethylene-
based polyesters (34), and an enzyme inhibitor (DAMP) (2,4).

Electronic band structure calculations were c¢xplored with
regard to the types of concd . Ity which may Lo ¢ nterest for
electronic applications of tne rigid-rod pciymers and related
materials. Similar calculsations were al:> carried out on
relatively small molecules having structiural features in common
with the PBO and PET polymers. Specific systcms studied were PBO
(1), two PBO-related polymerc (AAPBO and ABFBO) (27). PBT (1,3),

two PbT-related polymers (AAPBT and ABPET) (36). substituted

polyacetylenes (14), doped trans-polvac:. .yicne (1%, . two polvvnes
(17), iridium carbonyl chloride chr n (5), and a
bis(oxalato)platinate complex (73). Gevera. .. ymers were found
to have relatively small ... gap., &and <. .. (he.erore be of
considerable practical impc¢ . 'nce My o “1rs¢ work is

summarized in two review art: ses (47,45)

[ )
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In collaboration with Professor William J. Welsh (U.
Missouri-St. Louis) and Mr. Henry Kurtz (Memphis State U.),
theoretical studies of nonlinear optical effects in small
molecules and polymers have been initiated. The goals of this
project are: 1) to apply existing methodologies to calculate
hyperpolarizabilities of small molecules and polymer subunits and
2) to develop new, more accurate methods for the calculation of
such hyperpolérizabilities.

Another series of investigations explore¢ the idea of

precipitating fillers into elastomers. The goal was to provide
reinforcement of these materizls. Also, since the hvdrolysis
~ Teactions used are very similar to those used in the new sol-gel-

ceramics technology, advantageous connections between these two
disciplines could be obtained.
In one series of eTUAL Lt silice wvype filiers were

precipitated into unimodal and bimodal sil~nxane polvmers after

(@8]

the curing process (11-13,22,29,37,39,42). Ii was found that the
precipitation could also be carried out during the curing process
(18,19), or before it (25). Good reinforcement was observed for
these elastomers, and for some thermosets {20) as well. Titania
particles (29) and iron oxide particles 4.’ aiso gave good
reinforcement. In some cases extractior . <tulL. e gave even
larger increases in mechanical propertier nd thus even better
reinforcement (10).

It may also be possible to intro.... .. we.oimability into
the filler particles by carrving rlong ~vdrocarbon groups
re

from the material being hydroly:zer ~t}. Magnetic filler




particles have the advantage that they can bc manipulated with an
external magnetic field (23).

Particle sizes and particle size distributions have been
studied by electron microscopy and small-angle x-ray scattering
(8,30). Correlation of this information with hydrolysis
conditions and mechanical ©properties is providing valuable
guidance for the exploitation of these materials.

The major results obtained in these reinforcement studies
are summarized in a series of review articles (26,31,46).

It is also possible to wuse compositions and hydrolysis
conditions that make the silica the continuous phase, and the
polymer the dispersed phase (44). Such polymer-modified ceramics
could have extremely attractive properties, for example reduced

brittleness.
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Calculation of Electronic Band Structures for Some
Rigid Benzobisoxazole and Benzobisthiazole Polymers

D. BHAUMIK and J. E. MARK, Department of Chemistry and Polymer
Research Center, The University of Cincinnati, Cincinnati, Ohio 45221

Synopsis

Quantum-mechanical methods were employed to calculate electronic band structures for the
polybenzobisoxazole (PBO) and polybenzobisthiazole (PBT) chains originally synthesized and much
studied because of their utility as high-performance fibers and films. For cis-PBO, trans-PBO,
and trans-PBT chains in their coplanar conformations, the band gaps in the axial direction were
found to be 1.72, 1.62, and 1.73 eV, respectively. Since trans-PBT is nonplanar, calculations on
it were also carried out as a function of the rotation angle ¢ about the C—C bond joining the two ring
systems in the repeat unit. The band gap was found to increase markedly with increase in nonpla-
narity, as would be expected from the decrease in charge delocalization. The calculations suggest
the most likely value of ¢ to be ca. 30°, in good agreement with the experimental value 23° obtained
by x-ray analysis of a crystalline trans-PBT model compound. At this value of ¢, the calculated
value of the band gap is 1.98 eV. All of these values are very close to the corresponding values of
1.4-1.9 eV reported for trans-polyacetylene, which should encourage further theoretical and ex-
perimental investigations of the electronic properties of these polymers.

INTRODUCTION

The three polymers of interest in this study are the polybenzobisoxazole (PBO)
chain shown in Figure 1, in which the two oxygen atoms of the repeat unit are
cis to one another, its trans modification, and the trans modification of the
corresponding polybenzobisthiazole (PBT), in which sulfur atoms replace each
pair of oxygen atoms. As can be seen from the sketch, these polymers are very
rigid and, as a result, they frequently form liquid-crystalline as well as crystalline
phases. This has become of considerable interest, since fibers and films from
these liquid-crystalline phases can have exceedingly good mechanical properties,
even to very high temperatures.!

Of interest here is the fact that the same structural features that give the de-
sired chain rigidity also give extensive charge delocalization and resonance sta-
bilization. Such characteristics could be conducive to electrical conductivity,
a topic of much current interest in polymer science.2-13 The present goal was
therefore to carry out preliminary calculations of electronic band gaps in order
to determine whether any of these molecules show promise of being semicon-
ducting, either undoped or as modified by a suitable dopant.

THEORY

For any molecule, including polymers, the LCAO approximation and Bloch’s
theorem can be used to describe the delocalized crystalline orbitals ¥, (k) asa
periodic combination of functions centered at the atomic nuclei. For a one-

Journal of Polymer Science: Polymer Physics Edition, Vol. 21, 1111-1118 (1983)
< 1983 John Wiley & Sons, Inc. CCC 0098-1273/83/071111-08%01.80
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Fig. 1. Repeat unit of the cis-PBO chain.

dimensional system in which N; — 1 cells (repeat units) interact with the refer-
ence cell (Fig. 1) and for a basis set of length w describing the wave function within
a given cell, the nth crystal orbital y, (k) is defined as!#+-17

Yalk) = 3 Cou k)b, (k) (1)
m
where |¢,} is the set of Bloch basis functions
1 (N1=1)/2 R
¢, (k) = — by explik - Rj)x.{r — R)) (2)

1/2 .
N2 == (Ni-1r2

The quantity k is the wave vector. The position vector R,, in the one-dimen-
sional case, is given by

R =) (3)

where a; is the basic vector of the crystal. The crystal orbitals are, therefore,
1 (Ni=112 w .

VYn(k) = 3 exp(ik - R))C,, (k)x,(r — R) (4)

NP2 e ®i-ni2 45

where C,,, (k) is the expansion coefficient of the linear combination. The basis
functions x, are exponential functions of the Slater form. The present calcu-
lations included all the valence atomic orbitals of the H, C, N, and O atoms but
for S atoms only s and p orbitals could be considered.

Using the extended Hiickel approximation, we obtain the corresponding ei-
genvalues E, (k) and coefficients C,, (k) from the eigenvalue equation

TABLE 1
Atomic Parameters for the Extended Hiickel-Type Calculations
Orbital Slater Valence-state ionization
Atom Xu exponent {, potential H,, (eV)
H 1s 1.30 -13.6
C 28 1.625 -21.4
C 2p 1.625 -11.4
N 2s 1.95 -26.0
N 2p 1.95 -13.4
(0] 23 2.275 -32.3
0 2p 2.275 -14.8
S 23 1.817 -20.3
S 2p 1.817 -13.3

Py
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Fig. 2. Calculated band structure for cts-PBO in the coplanar conformation.

where H{k) and S (k) are the Hamiltonian and overlap matrices between Bloch
orbitals defined as

H, (k) = (¢,(k)|Heed &,(k)) (6)
and
S.k) = (ou(k)o,(k)) (7)

The distribution of the E,, (k) values for a given n with respect to k {usually
within the first Brillouin zone: —0.5K < k < 0.5K, where K = 27/a;) is the nth
energy band. The set of all energy bands describes the band structures of the
polymers. The atomic parameters of the extended Hiickel calculation used in
the present study were obtained from the literaturel6!7 and are detailed in Table
I. In the present calculations, lattice sums were carried out to second-nearest
neighbors.

The geometrical parameters (bond lengths and bond angles) of the repeat units
of PBO and PBT were obtained from the x-ray structural studies conducted on
model compounds by Fratini and co-workers.'819 The two PBO polymers have

-
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Fig. 3. Calculated band structure for trans-PBQO in the coplanar conformation.

planar repeat units, but the trans-PBT repeat unit has the p-phenylene group
rotated by 23.2°.1.1819 Ty determine the most probable configuration of the
trans-PBT, values of total energy per unit cell (E, ) were calculated from their
band structures!6-17 as a function of the dihedral angle ¢ (Fig. 1) in increments
of 10°. The equation employed was!6.20

1 K/2
(E,) = Kj:mE,(k)dk (8)

where E,(k) is the total energy at k and, according to the extended Hickel
method,

cupied
Ek =275 Enk)

RESULTS AND DISCUSSION

The repeat units of PBO and PBT contain even numbers of electrons, and
therefore there is no partially filled band in their electronic band systems. The
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band structures of cis- and trans-PBO calculated as described above are shown
in Figures 2 and 3, respectively. In each of these figures the conduction (i.e., the
lowest unoccupied) band and the valence (i.e., the highest occupied) band are
shown, along with four other occupied bands immediately below the valence
band. The general shapes of the band structures of both polymers are very
similar. In each case the valence band and conduction band are both made up
of w orbitals. The band gap, which is the difference between the energies of the
valence band and the conduction band, is 1.72 eV for cis-PBO and 1.62 eV for
trans-PBO.

For trans-PBT, the plots of E, (k) vs. k for different values of the dihedral
metrical about the zone center of the first Brillouin zone, only one-half (0 < k
< 0.5K) of each of these curves is shown in the figure. From eq. (8) it is clear
that the energy (E, ) per repeat unit for a fixed ¢'is equal to the area enclosed
by the corresponding E, (k) vs. k curve over the range —0.5K < k < 0.5K. The
most probable configuration of PBT would correspond to that value of ¢ for
which (E,;) would be maximum:; i.e., when the E, (k) vs. k curve encloses mini-
mum area [because the E, (k) are all negative]. Qualitative estimation shows
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Fig. 5. Calculated band structure tor trans - PBT in the conformation corresponding to the rota-
tional angle o = 30°.

that ¢ ~ 30° is th: prediction for the most stable form of trans-PB’I’. This is
in very good agreement with the result obtained from crystal structure analysis
of the trans-PBT mode! compound.!-'#'® However, both theoretical?! and ex-
perimental?? investigations indicate that trans-PBT polymer occurs in the planar
form in the crystalline phase. The present theoretical results are consistent with
this preference in that the variation of energy for the range ¢ = 30°-0° is very
small compared to that for ¢ = 30°-90° and therefore, if the effect of interchain
or interplanar interactions could be considered, the planar form of trans-PBT
would be the most favorable form, as concluded previously.?! The band structure
of trans-PBT at ¢ = 30° is shown in Figure 5. TlLough the basic form of this
band structure is very close to those of cis- and trans-PBO, the valence and
conduction bands of PBT are no longer made up of r orbitals, but are now mix-
ture of 7 and r orbitals. The band gap 1.98 eV determined for trans-PBT is
slightly higher than those of the PBO chains. This is because the overlap be-

-7 77X
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Fig. 6. Dependence of the trans-PBT band gap on the rotational angle ¢.

tween the phenylene orbitals and the bisthiazole orbitals is less in the case of
trans-PBT, because of its nonplanar structure. This overlap is maximum when
the molecule is planar (as in the PBO chains). The variation of band gap with
dihedral angle in trans-PBT is shown in Figure 6. As the dihedral angle de-
creases (i.e., the overlap between the phenylene and bisthiazole orbitals increases)
the band gap decreases, and finally in the planar form (its favored configuration
in the crystalline phase?1-22) the band gap becomes 1.73 eV. This value is very
close to that of the PBO chains. No pertinent experimental results are available
at the present time for comparisons. The only reported experimental value??
of a band gap for trans-PBT is that (0.76 eV) obtained from measurements that
may have involved ionic rather than electronic conductivity.

The calculated band gaps in PBO and PBT are similar to those determined
experimentally in trans-polyacetylene (1.4-1.9 «V),24 a polymer showing con-
siderable promise as a semiconductor.+!3 This should encourage further the-
oretical and experimental investigations of the electronic properties of both PBO
and PBT systems. ’

It is a pleasure to acknowledge financial support from the Air Force Office of Scientific Research
(Chemical Structures Program, Division of Chemical Sciences), and Professors R. Hoffmann and
M.-H. Whangbo for providing some of their computational programs and some very helpful ad-
vice.
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[ntroduction

DAMP-ES (2,4-diamino-5-(1-adamantyl)-6-methylpyrimidine ethylsuifonate salt]
(Fig. 1) is a potent inhibitor of mammalian dihydrofolate reductase (DHFR)} and

inhibits growth of cultured cells as effectively as methotrexate (1).

Fig. 1. lllustration of DAMP (protonated) and DNMP-1.

It has been shown (1-4) that the inhibitory activity toward DHFR by antagonists of
the diaminopyrimidine class increases with the increased hydrophobicity of lipophilic
straight or branched chain hydrocarbon groups substituted in the 5-position. How-
ever, the inhibitory activity of 5-(l-adamantyl), and to a lesser degree 5-(1-
cyclohexyl)-diaminopyrimidines, is much greater than that predicted by hydro-
phobicity alone. In contrast, there is almost a complete loss of inhibitory activity

Chemistry and Biology of Pteridines
‘©) 1983 Waiter de Gruyter & Co., Berlin - New York
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with 5-(l-naphthyl) substitution {DNMP-1) (Fig. 1.) but not with 5-(2-naphthyl}
substitution (DNMP-2).

Crystallographic data (5) show that DAMP-ES has a severely distorted, N! protonat-
ed pyrimidine ring and has steric crowding of the 6-methyl and adamantyl
hydrogens whereas DNMP-1 (as a methanol complex) has a pianar, non-protonated
pyrimidine ring that is nearly perpendicular to the naphthalene ring. In the present
study CNDO/2 molecular orbital calculations with direct geometry optimization
were carried out on DAMP, its Nl-protonated form DAMPH’, DNMP-1{,
DNMPH'-I, and DNMP-2. The calculated geometries largely reproduce those
observed in the crystalline state. In particular, the calculated results corroborate
the observed torsional distortions within the pyrimidine ring of DAMP-ES. The
electronic charge distributions of DAMP, DNMP-1, and DNMP-2 are nearly identical
for equivalent atoms, hence differences in biological activity apparently are not
electrostatic in nature. Conformational energies were calculated as a function of
rotation  about the C5-C7 bond. The results indicate large barriers to rotation for
DAMPH", with no conformation being successful in relieving the ring distortions
caused by severe steric conflicts. For DNMP-{ and DNMP-2 the C5-C7 bond is
more flexible but large barriers are encountered for the coplanar conformations.

Methodology

The general technique is comprised of the semi-empirical CNDO/2 molecular orbital
theory (6) nested in an iterative scheme for achieving direct geometry optimization
(7,8). This method has already proved successful in characterizing the geometry,
electronic structure, and conformational properties of species similar in structure to
those studied here (9,10). In the conformational energy calculations, values of the
CNDO/2 total energy were calculated as a function of the rotational angle ¢ about
the C3-C7 bond varied in increments of 20-30°. The energy associated with a given
conformation was taken as the difference in total energy between that conformation
and the conforrnation obtained upon optimization of the structure observed in the

crystalline state (5).
Results and Discussion

The observed and calculated geometries of DAMPH® and of DNMP-I  are

illustrated in Figs. 2 and 3, respectively.

A,
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Fig. 2. Calculated (left) and observed geometry of DAMP (protonated).
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Fig. 3. Calculated {left) and observed geometry of DNMP-1.

Calculated and observed bond angles and bond lengths are nearly identical, and the
ring distartions observed in DAMPH" (i.e., protonated DAMP-ES) are also reproduc-
ed but with lower values. Likewise, both calculated and observed results for
DNMP-1 give a nearly tlat pyrimidine ring. Further calculations on DAMP and on
DNMPH -1 show the effect on ring protonation on structure. Specifically, with
protonation at N1 the bonds about it shorten while the bond angles C6-N1-C2 open

—————— - —
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and N1-C2-N3 close by about 6°, with minor adjustments elsewhere, Protonation
also increases the extent of ring distortions. The results for DNMP-2 are similar to
those for DNMP-1.

The partial atomic charges for selected atoms in DAMP and in DNMP-1 are listed in
Table I.

Table. 1. Fractional Chargesa of Selected Atoms in DAMP and DNMP

Atom DAMP DNMP
N1 -0.351 -0.353
N3 -0.361 -0.361
N2 -0.308 -0.306
N& -0.312 -0.314

3In units of fraction of the electron's charge.

Their charge distributions are nearly identical, indicating that the observed differ-
ences in biological activity are not explicable in terms of electrostatic arguments.
Based on comparisons of partial charges, protonation would appear to be preferred
at NI or N3 rather than at N2 or N4.

The conformational energies with respect to rotation ; about the C5-C7 bond in
DAMPH' and DNMP-1 are illustrated in Fig. 4.

x-mAr

Q0 30 "e0 -60 -80 00 120" t0 180 190 1120 4190 e’
[ 2% 7

Fig. 4. Calculated conformation energy 3 E versus # 5.7 for DAMPH" (left) and
DNMP-1. )
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For DAMPH" the conformation of minimum energy corresponds nearly to that
found in the crystalline state. The barrier to rotation away from the preferred
conformation is very steep and has a broaa maximum located in the region 30-
110° (within the 0-120° total configuration space) and is about 8.0 kcal mot™}
above the minimum. No value of ¢ was successful in relieving the severe steric
contlicts between the adamantyl group and 4- and 6-substituent groups on the
pyrimidine ring. The barrier effectively locks the C5-C7 bond and precludes
relief of the steric conflicts responsible for the distortions, which are further
aggravated by protonation.

The C5-C7 bond in DNMP-1 is overall more flexible than that in DAMPH® in
terms of more accessible regions of configuration space. The calculated energy
minimum is located at ¢ =0° (corresponding to the coplanar conformation with
the naphthyl group nearest the C4-amino group) with a barrier of ca. 1.5 kcal
mol™! 1o » =90° observed in the crystalline state. Within ca. 30° of either
coplanar conformation the energy rises sharply to ca. 8.0-8.5 kcal mol'l. The
results in this regard for DNMP-2 are very similar to those abtained for DNMP-1.
The calculated preferred conformation of DNMP-| is hence different from that
(perpendicular) observed in the crystalline state and exhibits negligible ring
distortions. The geometry and charge distribution are only slightly affected by

rotation

Conclusions

The present results indicate that the methodology is applicable to DAMP and
related species. Calculated bond lengths and bond angles are in quantitative
agreement with those observed, and the calculated torsional angles can be used in
a semi-quantitative fashion for comparisons. It is the intent of the authors to
extend these calculations to other, related species to explore further the

structural and conformational aspects of DHFR-drug specificity.
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A Theoretical Investigation of Chain Packing and
Electronic Band Structure of the Rigid-Rod Polymer
Trans-Poly(p-Phenylene Benzobisthiazole) in the
Crystalline State

D. BHAUMIK and J. E. MARK, Department of Chemistryv and the Polymer
Research Center, The University of Cincinnati, Cincinnati, Ohio 45221

Synopsis

The extended Huckel method was employed to calculate electronic band structures in trans-
poly(p-phenylene benzobisthiazole) (¢rans-PBT) in an attempt to elucidate the packing and elec-
tronic properties of these chains in the crystalline state. The unit-cell energies thus calculated in-
dicate that the most stable arrangement for trans- PBT corresponds to the chains in planar contig-
urations, at an interplanar spacing of 3.5 A, and shifted axially by 3.0 A relative to one another. These
calculated results are in good agreement with experimental results obtained on the polvmer and
on relevant model compounds. No discernible dispersion of the energy bands perpendicular to the
planes is observed, indicating that the neighboring chains are electronically noninteractive, as was
found earlier for trans-polvacetylene and polyethylene. Similarly. the band gap of 1.69 eV in the
axial direction for one of a pair of chains was nearly the same as that, 1.73 eV, calculated previously
for an isolated trans-PBT chain. These values are in the range 1.4-1.9 eV reported for trans-
polyacetylene, which has been extensively studied because of its promise as a semiconductor.

INTRODUCTION

The rigid-rod polymer trans-poly(p-phenviene benzobisthiazole) (trans-
PBT),! shown schematically in Figure 1. has been studied with regard to its
electronic band structure in a preliminary way.2 This first attempt? at charac-
terizing the electrical properties of this interesting class of polymers was very
useful, but focused exclusively on the axial direction of the chains. Since the
molecules form highly ordered fibers,! however, it is possible to carry out ex-
perimental measurements perpendicular as well as parallel to the chain direction.
and it thus becomes important to calculate the effect of interchain interactions
on electronic properties. Obtaining such information on trans-PBT in the
crystalline state was the goal of the present investigation. Specific aspects of
particular interest were the use of band structures to elucidate chain packing
arrangements, calculating the energy band gap perpendicular to the chains. and
estimating the effect of interchain interactions on the band gap in the axial di-
rection.

THEORY

The band structure calculations used the tight-binding scheme based upon
the extended Huckel approximation. all of which is well documented in the lit-

Journal of Polymer Science: Polymer Physics Edition, Vol. 21, 2543-2549 (1983
¢ 1983 John Wiley & Sons. Inc. CCC 0098-127:3/8:4/122543-07301.70
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Fig. 1. Repeat unit of the trans-PBT chain.

erature.>* In this method the delocalized crystalline orbitals ¥ , (k) are formed
from the set of basis atomic orbitals {x_}. in the one-dimensional case, as

(N =172 w
b =—— 7§ explik-R,)Cu(K)xu(r ~ R,) (1)
N7 oS- da
in which V| — 1 cells are interacting with the central reference cell, w is the length
of basis set. k is the wave vector, and R, (the position vector) is given by R, =
Ja (with a being the basic vector of the crystal). Using the extended Hickel
approximation. we obtain the corresponding eigenvalues E,, (k) and coefficients
Cn.(k) from the eigenvalue equation

H(&k)C,(k) = S(k)C (k)E, (k) (2)

where H (k) and Sik) have the usual meaning, as Hamiltonian and overlap ma-
trices, respectively. The distribution of the £, (k) values for a given n with re-
spect to k (usually within the first Brillouin zone, —0.5K < k < 0.5K, where K
= 2%/a) is the nth energy band. The set of all energy bands describes the band
structures of the polvmers. The present calculations include all the valence
atomic orbitals of the H, C, N, and O atoms but for S atoms only s and p orbitals
could be considered because of space limitations in the computer program. The
atomic parameters required in the present study were obtained from the liter-
ature,>8

In the present study the crystal lattice was assumed to be one-dimensional,
and separate calculations were performed to determine the band structures along
the axial and perpendicular (packing) directions. From x-ray crystal structure
analysis?8 of the model PBT compound the relative axial shift between two
chains was found to be approximately 4.5 A. Both x-ray and electron diffraction
studies,? and molecular mechanics calculations!® indicate that the polymer is
planar in the crystalline state. In the case of the spacing between the two chains,
theoretical!! and experimental™® studies predicted it to be 3.5 A. As is shown
in Figure 2, the unit cell contains two PBT repeat units (A and B) stacked one
above the other and separated by 3.5 A. To predict the relative axial shift be-
tween two chains, one chain (e.g., B) is gradually shifted along the axis. in steps
of 0.5 A, to a maximum displacement of 5.0 A. In doing so a portion [the dotted
part in Fig. 2(b})] of the repeat unit B falls outside the unit-cell boundary, and
thus the corresponding part (the dashed part in the figure) of the repeat unit is
introduced from the opposite side, within the unit-cell boundary, thus always
keeping constant the number of atoms of each type within the cell. The chain
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Fig. 2. Sketches showing (a) the stacking of the trans- PBT repeat units, and (b} the reconstitution
of the upper repeat umit as it 15 s{id relative to the lower vne.

B is shifted relative to chain A to a maximum value of only 5.0 A of the total re-
peat unit length of ca. 12.0 A, because of the symmetry of the chains. In each
step of the shift the dihedral angle ¢ (Fig. 1) around the C—C bond between the
phenylene ring and thiazole part of the trans- PBT chains is varied in increments
of 10°, from 0° to 90°, to locate the probable configuration of the individual
chains in the crystalline state. For each configuration and arrangement the total
energy per unit cell (E,) is calculated from its band structure.>® This is done
as a function of the relative axial shift Ax and of the dihedral angle ¢, respectively,
using the equation®1?

1 K2
Eo =g [ Edodk (3)
where E,(k) is the total energy at k and. according to the extended Hiickel
method,.

accupied

Eky=2%Y E, k) (4)
n

The unit-cell structure that corresponds to the minimum total energy is identified
as the most stable packing arrangement.

In the present calculations lattice sums were carried out to second-nearest
neighbors. The geometrical parameters (bond lengths and bond angles)” ¥ of
the repeat unit of trans-PBT were obtained from the x-ray structural studies
conducted on model compounds by Fratini and co-workers.”:8

RESULTS AND DISCUSSION

The band structures of the trans-PBT unit cell along the perpendicular
(packing) direction are computed for different values of relative axial shift Ax
and dihedral angle ¢ and the curves of E, (k) against k in each case are plotted.
From eq. (3} it is clear that the energy (E, ) per unit cell will be minimum when
the corresponding E, (k) vs. k curve en-loses maximum area [because the E, (k)
are all negative]. Two representative plots are shown in Figures 3 and 4. Since
the curves of E, (k) against k are symmetrical about the center of the first Bril-
louin zone, only one-half (0 < k < 0.5K) of each of these curves is shown in the
figures. It has been found that whatever the relative shift between the chains.
the minimum energy of the unit cell always corresponds to the ¢ = 0° configu-

A,
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Fig. 3. Dependence of E;1k) on k in the packing direction calculated as a function of the dihedral
angle

ration of the individual chains. Thus the chains are predicted to favor the planar
form in the crystalline phase, which is in agreement with experiment” and with
the results of molecular mechanics calculations.!?

Figure 3 shows the variation of E, (k) with k for different values of the dihedral
angle . for a tvpical relative shift Ax = 3.0 A. In the earlier theoretical inves-
tigation.” in which interchain interactions were not included. it was found that
although ¢ = 30° corresponded to the lowest-energy form of trans-PBT. the
variation of energy in the range ¢ = 30°-0° was very small compared to that tor
¢ = 30°-90°. Therefore it was concluded that if the effect of interchain or in-
terplanar interactions could be considered. the planar form of trans-PBT would
probably be the most favorable. This has been confirmed in the present study.
Specifically, it has been found that the inclusion of interchain interactions moves
the minimum to ¢ = 0°, and that the variation of unit-cel] energy from 0° to 30°
is indeed very small (Fig. 3) as was concluded from molecular mechanics calcu-
lations.1? '

The plots of E, (k) against k for different values of the relative shift at @ = 0°
are shown in Figure 4. It is clear from this figure that a relative shift of Ac =
3.0 A will be the most favorable arrangement of the chains. This value is
somewhat smaller than the experimental*® value 4.5 A obtained for a PBT model
compound. but it is worth mentioning that using molecular mechanics!! a relative
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Fig. 4. Dependence ot £, (k) on k in the packing direction calculated as a tunction of the axial
shitt Ax between chains.

shift of 3.0 A was computed for polvip-phenvlene benzobisoxazole) (PBO} where
the sulfur atoms are replaced by oxyvgen atoms and the chain is known to be
planar. The agreement between theoretical and experimental values ot Ax tor
PBT could, of course, be considerably better for the polymeric chains. which have
not vet been studied experimentally n this regard.

Figure 5 represents the arrangement f the two chains at Ax = 3.0 Aand o =
0°. The band structures of trans-PBT along the perpendicular tpacking) di-
rection are shown for this case in Figure 6, where the conduction tlowest unoc-
cupied) band and the valence (highest occupied) band along with tour other
occupied bands immediately below the valence band are depicted. No dis-
cernible dispersion of energy bands along this direction is detected. which indi-

Fig. 5. Sketch of two planar trans PBT repeat units at an axal bty Ac 0 o0 A
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Fig. 6. Band structure in the packing direction for dihedral angle ¢ = 0° and axial shift Ax = 3.0

cates that neighboring chains are noninteractive. The same conclusion was
reached in calculations!? of the band structures of polyacetylene and polyeth-
vlene. This weakness in chain—chain interaction is expected at the large inter-
chain separation (3.5 A) of trans-PBT chains. Although the sulfur d orbitals
could not be included because of the size limitation of the computer program
presently available and the large number of atoms in a repeat unit of PBT, the
possibility of improvement in dispersion by the inclusion of d orbitals does not
appear promising at this large interchain separation. The weak chain—chain
interactions could also be anticipated from the weakly dispersed E, (k) vs. k
curves in Figures 3 and 4.

The band structure of the trans-PBT unit cell along the axial direction with
Ax = 3.0 & and ¢ = 0° is shown in Figure 7. The computed band gap along this
direction is 1.69 eV, which is almost equal to the band gap calculated? in the
absence of the interchain interactions for a planar configuration of the chain.
This shows that neighboring chains have little effect on the band gap. Most
important, however, is the fact that this band gap value is in the range 1.4-1.9
eV reported for trans-polyacetylene,'4 which has been extensively studied be-
cause of its promise as a semiconductor. '

It is a pleasure to acknowiedge financial support from the Air Force Office of Scientific Research
tChemical Structures Program, Division of Chemical Sciences), and to thank Professors R. Hoffmann
and M.-H. Whangbo for providing some of their computational programs and some very helpful
advice.
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Fig. 7. Band structure in the axial direction tor o = 0° and Ax = 3.0 A. All the bands arise from
7 orbitals.
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AR ORBITAL CALCULATIONS
[ONS OLATE DAMEP AND SOME
D SPECIES: STRUCTURAL GEOMUETRILS,
ONS, CIHANGE DISTRIBUTIONS
IATIONAL CHARACTERISTICS

WoJOWELSH, S VO CODY, I E. MARK! and S, F. ZAKRZEWSKI"

"Department of Chemisiry and Polvmer Research Center, University of Cincinnati,
Cincinnan, QH 13221, USA; ¥College af Mt. St. Joseph, & '
Maount St. Joseph, OH 43051, UM iAledical Foundation of Buffulo, Inc.,
Buffulo, NY 14203 UUSA, " Roswell Park Memorial Institue,
Bufralv, NY 14263, USA '

Geom iry-optmacd CN Y 2 zoniar uibinal calculations were carried out on 2. 4-diamino-S-(1-ada-
manny iy 6emaii v pyrine s (DUAMEP)  potentinhsutor of mamimahan dihydrofolate reductase which is
now i cLeical tiais, and on as snactive 3-(0-naphthyi) analogue (DNMP-1). Crystallographic data show
trat DANMP (acthg ciibinionas alt, hasaseverely distunwed, N1 protonated, pyrimidine ring and has steric
srostiizofihe 6-methyLand e san Thvde gens whereas DNMP- 2 {as a methianol compiex) has a planar,
strearly prrperdicular to the raphthalene ring. The CNDQO/2 results
lar oy repraduce the e ta N ure sewineiry and show that the ring distortions in DAMP are initiated by
stericvonfuctsy batveenthe adem iaraupang the 4- and 6-substizucnts onthe ring. In DNMP-1. thenon-
Interinas naphihys arg adaces ide strai within ine pynmiudine nng and the cffect of protonation is
Aegliubic Rotalivn aduut the Do joinirg the two ring groups is restricied in 12AMP by a broad barrier of
GE O G RCa malTh and o contonnatoen wae suecessful i relieving sterie conflicts and hence reduciag the
b toraona, i DN L Soidess landered overadl wili a broad region of weeessible conforma-
tosalstaze and wmaviee farnce ot ed T2 heal wiol™! {gr the coplanas conformation. The electrunic
Chariedod Bations P AN D DNNID- ] e shnost idenncal and protonation s peeferred at N1 rather
Uil N30y 2T hcalmalT b b DAME and DNMP-1L The caiculations establishi that the present
mcthosel st Junsa prodidin g todiwith reg e d o b estructure and coaformational characteristics

I T N VI N R

nanhrotosaiod pynonds

DAL I s T e e ety [y rlahidine ] s & potentinhibitor of
RS ' ot ed Ryaad inhibus growth of cultured cells as
cilcoiacs o us o e e enal, 1972)0 Asaresult, DAMIY s undergo-
z AT R I TN
Bohas boen ~howre (00 i, wad Zakzrewshi, 1972 Kavai er al, 1975;
Zadizoesnn D0 i e binon activity woward DHEFR by antagonists of the
diicopyi s class tvases wrl the iacieased hydrophobicity of lipophilic
SUTGLZAL F LTaT Do e L droderoon gioaps sabstiiuted in the S-position. How-
ever. e abubiony ey ol Se(Teadaniatyi) and, o a lesser  degreeq
S-{V-arcohenyitanirosn s nnaines. is much creater than that predicted by
hydrophodeny sione. seooosaay el other, more subile features regarding these
species olay arolein deterinnung svtivity. fncontrast, there is alimost a complete loss
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ol inlabitory activity with 3-(-nag:hihyty substituion (DNMP- 1) but not with 5-(2-
naphing ! sebatituiion (DNNP-2, (Kavar eral, 19755 Ho et al, 1973).

‘The x-ray crystal stiuetere deieriunaiions (Cody and Zakrzewski, 1982) of DANMP
and DNMP-L (Freure 1) have boon carnied out. The data for DAMP, as the
ethanc-suifonate seit, show that the prrimidine ring, protonated at N1, is severely
detoited from copbon rinv with ierand o1 4,8, Gesubstitueats as a result of the sterie
interforence of tie G-metiyi nydio: eng with tiose of the adamantyl ring. Inadditon
to the twist of these substtuents above and below the pyrimidine plane, the angles
involving these groups are eipanidad. The orientation of the adamantyl ring with
respect to the pyrimidine ring [CHC3-CTC81s =7.57 All of the amino hydrogens are
invoived 1 hydrogen boads. None of these distortions is evident in the structure of
DNMP-1 methunol complex. The naphibaiene ring is nearly perpendicular [C6C5-
C7CS==387.1"] 10 the pyrimidine ring which is itseif coplanar with the 4,5,6-sub-
stituents. N1 its unprotorated in this siructure und all of the amino hydrogens but one
arcainvobedin hydrogen bonding. Inseition of DAMP und DNMP-1into the DHFR
binding site, using compuier-eraphics models based on these data, indicates that their
disparity in bioactivity is hongely Jag 1o severe steric interference encountered by the
lutier {Cody and Zakrewshi, 1982),

The primary aim of the present study was to conduct a more detailed analysis of the
structural, conformationa’ and clectronie features of DAMP and its analogues in order
10 provide a basis forits excepional biguctivity, The relatively inactive DNMP-1 was
s studeed becanse its victaally plenar pyaaudine ring provided a clear contrast to the
torsionally distorted DAME.

FRGU U bestrar el oo o0 0 ey Tl coratab g DAMP s an ety ulphienate salt,
saodbmeiccutir volumes ol DAMDP wod DNMP-
o and b nitro g suea e e L cresenied Oy cnigles numbiered with respectinely,
and SOy and U prdiny and carton e Dled oy arvios wath numbers glone.
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FIGURLE o

Therefore, in order to investizate turher the enaformational aspects of DHIFR-drug
spocificity ol srding and toadontn mu' calle eruatural differences in these com-

nounds. calcatations based o the ONDOL 2 (Complete Neglect of Dufferenual

Orveriup) mcthod (Popre end Dovendzn, 1975) wih cxuMon of direct gecometry

Optnzanon (Rondo, 1978, Jules 1o To0 Wb eral 1982) were carried out on
]

DANIP, DANPIET, DNNP-L L DNN VT s onber rf*lul:d species. Of particular
Caadiiotine ONDO O Diechnigue can successiully predict
the Crystulogra i essits, oo Sarhiouar theoui-of-plane distortions of the pyrimidine
r;ng;\s‘(oundan-‘\\i;- =S, 2 SN s -.‘.Lmﬂucrccoflhcl,4,5,6-substitu-
cais and N1 proionuu on e oat-ot-plane distortions,  3)  estimate

Sveectinsetation about the C5-C7 bond, and 4)
Lonand compare ihic enerzies of protonation of

alelesiweie e 1)\..\\.1 nan

neriy ".J“,‘\ o

Suniofmatuni-e

ety e prederre
Pt end SNNE-

The proseat rosuiis shos o e NSO 2 techmique employed here can
Ceroc AN andreadedspacios as they eastin the erys-
telnne Seivs liznoo, e o Lo msods cen be ased as a valuable tool in further
studtes of thes neture. The oo agmeeneti s blaned between the observed and
calculaizd siructures susoosis e overall the mflucnee of intermolecular forces in
determuaing the conform, el Chefadierinios o6 those species i the erystal is mini-
man Of paramuount si;..;:x;;-.;xcc i :hm abiiny of CNDQO/2 w successiully predict the
ditferences winony the spoeaies saded with tezard to the torsional distortions within
the pypidine nng. Poiinorrotos Chiree antnibuiions obtiined by the present
fietiods e Clatthedegn oo cen D AMP Wl DNMP-Tinbiological activity
i> NOL electrostatic i nature, For bont spedies nratunution is preterred at N1 rather
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FIGURE 1¢

thanat N3 orutctherthe N2 or NS arno-ntrogens. Ao, values of the energy of pro-
tonation at N1 for DAMP and DNAMP wre nearly Reatical, henee the ring distortions
within DANMP do ot appear to tacdiate prrotonation associsted with tight binding to
the enzyme.

METHODOLOGY

“he general technaue emiploys dic semienpirical CNDO/ 2 molecular orbital theory
(Pople und Beveridee, 1970) nested i an Heriine scileme tor nclm.vm;, direct geo-
metry optimization (Kondo, 19780 Jurte. i%70). This metirod has already proved
successful in charactericing the LCu'"u'), slvetrenic structure and contormational
propertios of specics similar i strugtare 1o those studicd here (Weish et al., 1982;
Welsh and Mark, 1982). The w‘om_:' Voo titinion scheme is based upon the ara-
dientofthe potmnulcncr"\ function. the compatanen arwinehismade more cfhcunt
in terms of computer time by eyploamg syevaeiry wspects of the muoleeule,
Differentiation of the CNDO/2 ta:l encrgy eaprassion with respect to cach of the
totatly syminetric svaimetry coordinaies ivads 10 the aialyticully detined elements of
the gradicnt of the potential eneryy funciton. A convergence criterionof 0.1 eV/ A for
the absolute value of each gradicnt element was found 1o be acceptable (Kondo, 1978).
The CNDO/2 elecironic encrgy s sensitive tu changes in the auclear coordinates of
the mulecule. Conscquently, for the SCF-vicctronic-eneryy iteraiton the convergence
criterion, taken as sclf-consistency oetwen WG suceessive caleulations, was set to a
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s, bond angles? and torsional angics® for DAMPEL, DNAMP-1 and related spevics

Sclected observed® and calcufated™ bond lenptt

\
AT

Calcufaied

Ot served




3

SCALCULEATIONS

MO CUTARORRBITAL

Vo

CN

€a)dun [ruosior Juienun ag) Jo sanra ANusqe
Y1 jo ...wn_.:/s. SINECA PIICINITI PUT PIAIASQO UIIMING DIUID annbs uraw 100y, ' u_:m_u_ YA Qurpianae Ut e jo duunpungg, zuuwmuv JO spn g,
swonsduy jo situn y), uoneziundo £32wod3 Yiw poyiaty 700N (EL61 PLay pur pswaziyeyz ‘o) sonfua sgdeiiopgeifis Aea-y,

e

ot
Zivl
ot

RN

——

'I{f“

‘ag—

e

-
=
e

e
. —

L diaNda

91
Til-
T
€1o—
61—
9t
0t—
91—

9°S11
91

vic

97
-
ST
-
Fe—
6t
50—
'e—

(o et i o
e
[af)

o
[N

Nil-dixva

HE-dINVA

pa

S'e
0Ti—
L4
9t+'0—
6't—
t's
=
Sb—-

651l
(R |
S OCT
100l
NaCl
vect
DRES
et
gL
LUt
RRN ¢
91
ot
Nt
Py |

[RTTESY

0r t'8
1'L8-—- §i-
| o et 0%t
0t t -
000 9L-
Ll- Ll
091 1L—
00 65—
[ vl
ol S
60zt v 0l
Sett o 6ot
601 Juel
gt ER|
HNAR uyll
Lyll s 10
§ 9l S
CANE] s ol
cidi anll
osil sy
oot Sl
ol a1y
t ol Lndl
AN [
NN | | K]
St ti-t
e vl
v Nov
¢ o |
v !
LRI ey |
AR te
oy 1 o !
il sty
f-dinsda BERTANANMA

posedy qo)

{(sapdue ,.) . QSNY
DAY
$D—LD—52—9D
29)—IN—ZI—EN
D -IN=9I—6D
JIN—0D—5I-1)
20— —tI—¢N
WS- I—EN—TD
S =EN~TO—IN

f.J_u..:—. _. :P.
asimi
NI—=L)--¥D)
LY=8) -9)
L)-SH-t)
19) -9)--IN
(9 9YI—s)
N 1) -y)
NG Y CON
IN-—C ) -¢N
IN U)--IN
S CIN=W)
IN -9 <)
G L)t
VY- uN

DRUE NN PR PUE P GINNG T TLIINN O 10y R LR RS TR} |

cevafpro-
distorlions

broding to

(A1} ,_,.: m: W e ._‘ AR

et peo-

ol

il

b

4
)
T

b theory

'
[

RN IAIRRRIN

L YE s AE T
Mo S = -
R A S St
R T T
=2 - L s Ty
T e 2= <
S -, =2 A
Ty LTI e




e

.y

12 W WD erad

sinall value (1077 eV pciative o thet typacadiy used (1078 eV) in nenoptimized
CNDO/2 caleulations (Komdo, 1978). I the conformatonal energy calculations,
vidues 07 the CNDQO72 totad enerpy were caleaaind as u function of the rutational
angle @ chout the CS-C7 bond vered inncrements ol 20-30% The energy associated
witha given conformatraawas tahenas the diffe oneein ot eaergy between thut con-
furmation and the costorination obiuned upon opticiizaiion of the crystailine-<tate
structure.

RESULTS AND DISCUSSION

In most cases, geometry optimizaiion was obtained both starting from the structural
geometry given by x-ray Lr).\ljll()"( iphic anabvais (Cody and /.al\ru,x\skx. 982) and
after assuming a nearly Lt pyrimidine ring. uw.;umm were carried out on several
related species. These include DAMPEHL, DAMP, DANMP- 21 (aspecics uo.rcspond-
ing 10 DAMP with its 2-NH, group replacad by a Hatem), und DAMP-UN (a species
corresponding to DA M unsabsitiuwed 2t the 2. 04, and €6 posiiions). Alsostudied
were DNMP-T and us Ni- pro(m]:xiu(f form BNMEILS Pertinent values of the
observed and caleuluted hond tengihs, tond anzles, and torsional angles tor sume of
these species are listed i Tabie N

DAMPH™: Comparisons of X-ray and Calculuted Structures

The observed and calculated geometries of DAMPH® are tisted in columns 2 and 4 of
Tuble [, respectively. Overail agreement between the caleulated and observed struc-
tures is very good. Speaficaliy, for those values histed in Table T (which include those
calculated and ohsuuu valies witli the argest de .ui:():‘.\') ithe root-mean-square
difference (RMSII) i 0.063 A for bond fenzths and 127 {ue bond angles.

In generad, the CNDG/2 culenilated carban-carban be nd leauths are shorter and
mrhun—'l trocen loage: than those ob-erved erysteilographicaliy. Thisas particularly
appareat In the case of the substituent bonds C2-N2. C4-N4, C6-Co1, and C5-CT.
Although not listed, culculated values of the carban-cirton boad lengths within the
adamantyl group zre uniformiy smalicr than the corresponding ohscrv«.d ones by ca.
3%. These systematic (lxxc'cpx Wl appen to be o arufact of the CNDO/ 2 method
since sinvlur trends have been noeted in cibier stadies (Tapn. 19735 Combs, 19735).

The caiculated torsionai anple shout the rotetabic bond C3-C7, wken as the angle
between pianes C6-C3-C7 and C3-C7-C5,us ¢ — 1200, Tty compares well with
the obsersed vaites of =757 1 the erystailine state. OF particular intportance are the
twrsional angles within the pyonudie nng i0e seonan Table T that the caleulated
structure abo indicates nonplanacity of the pyensahne dnealthoueh in each case the
caleuluted torsional angle o somewhat loss LRVISO =37 thas that of the observed
structure. Ldenucal resaity were obiaed Tor epticsiizationy ;.n’l\d oul alter initiadly
assuming @ neardy flat pyrimidine g,

Species Relaed 1o DANPH™.

Caleulutions on various strecturadiy sioditied forms ol DANMPEH " were carried out par-
ticularly to determine the effects of the N 1- -protonatian and of the substituents on the
structure and the riny distertions. Deprotonation of DAMEPH ™ vields DAMP, the
calculated geometry of which is summarized in coluima 5 of Table [

.

mﬂw-——:—mr—*—r:—vn
i .

ont
ina
nl\l_,
e
Jeu
not
S:
efte
ans
tio.
ave
(.
ar.
tu.
o
ne
Jd7
Ce
gr

Pr
A

ol
th
(V]
A
K
e




e

.i/l'\l
IFTIAN
Soonal
cruad
Poay-

Costle

iedtaral
YN ) and
i osoveral
S ond -
Lo eLiey
sasiudhed
o o the

£ oaannie ol

2 and ol
e struce-
dade thase
S quare

ot and
st darly
Jdo 7
ahsn the
o Y i
2oactiaod
LTS
N ,:H‘.._':L'
Gowiin
ooate the
RN daad
oo the
vl

. 1
caily

Cobnd o N b b i Ol AL CATC LT ATTONYS 33

Thecticetol e, depoot aenon s nthe bund lengihs s to shightdy fengithen the bunds
about Niaih subsequentadgyusanent ot otheratrasomg bunds with hittle or na effect
o thefen s ot eatia-nn b Interms of bond angles, deprotonation results
M osne oD the Co-N =02 e uad en opening of the N1T-C2-NJ angle, cacli by
Ao 007 weh nnor adpasunenis el owhers i the ning. Comparison of the caleu-
Lited indnenng tononal annes for DANMP and DAMPIH® indicates an overall

t

dovrease i e mreenede e e reg disiosions upea deprotonation, however, stll

fot to Gae esscaiially Pl s i

Subnequentreplacemeni ol tae C2-umaino eroup s DAMP by a 11 atom has a siight
clfect v the boad iengihs (viz., N1-C2 and C2-N3) but neghgible cftect on the bond
angles. Calolated values arelisicd in coiumn 6 of Table 1. However, thereis a reduc-
ton in tie torsional angies wittun the pyrinadine ring as indicated by comparing the
averages of the absolute valies of the torsional angles, given in Table |, for DAMPH*
(5.17) DANP (3.5%) and DANP-2H (2.0°). Further replacement of the C4-amino
and Co-r cihyl zroups by w I wion (wath thie adamanty! group now as the only substi-
tuenton e nng) vclds DANMP-UN e seometry of which is summuarized in colutn 7
of Table 1. huving meatly w phasag ning; subsequent protunation of this species had a
nezhiginle difecton the rin it stiuns. Waite itis predictable that the rine distortions
areanstieated by the saroig siericrepulsions betw een the adamantyl group and C4- and
Co-vubstinents on e ning, those iosa s adicate that both protonation and C2-amino
group furtier eohance these distoruons in DAMP,

DNMP-1; Comparisons of XN-ray and Cualculated Siructures and Effects of
Protonution

Again i the cose of DNMP-1, pond asrecinent is found between the observed and
caleututed structarai geomceines, istedin columns 3and 8 in Table I, respectively, with
the RMSD being 0021 A tor besdieaeths and 0.8 for bond angles. The caleulated
tersional an e aboat CHC7 00 =V6. 27 Gad s virtuaady wdentical to the eaxpenmental
F{Codyasd Zakiowsn 1920 The culeulated torsional angles are small
and i satedactory pgreemiont (RMSD=1-27) with those observed. The CNDQ/2
techitue cpioved s swceassithin conectly predicting a significantly greater degree
Of toistonay dstoritons 1 DANIPED chanin DNANP-1.

Sinnfar calculations were certied out on the protonated form of DNMP-1
(DNMPHT) toassess theciivct of protonation on structure, particularly with regard to

vatio ol =

TABLE U
Prachonas dhanges of selectid ators ain D2AMP and
INNP-

Atom® DALP DNMP-

A —u.35] ~{ 353
N (a0l 0303
N =36 =y il
[ 0.313 U351y
(W ={.i<d =t} 146
6 020 (225
N2 —(.3ux -{) 306
N -0.312 -0 314

by ol ractios of an electron’s charge.
Muanbenng of atoms i accordance with Frgure 1.
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the planarity ohie pyiondine na The caleulted geomelry issummarized in column
Yal Tabic L T The eficct ot protonation on the bond izngths and bond angles within the
pyiimidiie ing s smaba to that alecads mdicated i DANMP, e aslight lengthening
of the bunds ittached to N aid v increase, again by about 6%, in the intra-ring bond
angle about N owith a subseguent decrease in bond angle N1-C2-N3 by about 5°.

Otber effccis of protoration oa the boad fergths and bond anples are smail.

The effect ol proton tion of DNN- T o the torstonal aagles within the pyrniidine
ringisnegheyble. Thissmad mfiicnce ol pootonaton on the distorttons in DNMP isin
contrast tu the sigaiticant vae found m DAMP. The adamantyl group in DAMPH?
appeurs to potentiate the ofreet of protonation and ring substitution on the distor-
toas,whercas in DNMP-1 the naphihilene ring, assuming a nearly perpendicular
orientation with respect 1o the pyrimidine ring, produces little or no distortions on its
own and the eftects of pruionation of the ring on the distortions are negligible.

Charge Distributions in DAMP anid DNMP-1

Fructional churges for seiected wtoms in DANI? and DNMP-1 are listed in Tabie [1. It
Isseen that the charge disnibuticn for the atons listed is viriually identical fur the two
specias, indwating that e differences in biological activity between DAMP and
DNMP-1 are not not eapliczbie m ierms of electrostatic arguments. Of particular
interest here are the our nitrogen atems N1, N2, N3, and N4 since these atoms are
likely pomnts of attacnment ol the anulolate intubitor 1o the enzyme and are also poten-
tial sites of protonation. For boih species, N1 and N3 are appreciably more negative
than N2and N4, Inaddition, the chargeson N Land N3 are nearly identical, as they are
on N2 and N4. Hencee, the charee disiribution suggests that protonation should be
preferred wt N or N3, Sinular analvsis of the caleuluted DAMPIT? structure reveals
that upon prownation tie fractonal chieze of N1 drops to —0.223 but that of N3
remains cearly e same at =0 3320 ( The fractonal charge of the boaded proton in
DANPH s oaly 0.200, widicating apprecieble charge delocalization.)

Sues und Lnergies of Protunaion

The preferred sic ol protonation 0L DANMP and [DNMP- 1 was obtained by comparing
the tota! energies of cach species prowaated at N1, N2, N3 ar N4 (see Figure 1). For
both species protanation is preterred at N over N3 by ca. (.16 ¢V or 3.7 keal mol™!
andover N2 or N4 by ¢ 1.6 eV oor 370 kheul mul™f The preference for protonation of

initio caleulution on the protunution ol cmmopyridine (Fossey, 1981) and is constist-
ent with the more negainve charge of the inira-ring nitrogens. The preference for N1
over N3 appears much more subilein matare. The bonded proionin DAMPH® carries
acharge of =0.22¢7 i both casen, the N-f1 Bond lengths are identical at 1.068 A and
only shightdiffercncesin cnwipe enistfor cquivaientutoms in the two protonated forms;
hence, this preference daes not appear largely due 1o differences in charge
delocalization effects. Conlormunionat chunges, particularly those involving the ring
torsicaal angles, do result trom proioraten. and small ditterences are noted for pro-
tonation at N1 as compared with N3, The preierence for N1 over N3 therefore
appears to be largcly sieric (conformaenonai) rutiier than clectronic in character.
Energicsof protonation at N1 ot DAMDP and DNMP-1 were compared as a means of
assessing the effect of the torsionad ring distotions in DAMEP on case of protunation.
Theresultsindicate ashznt prefereace for protonation of DNMDP-1 over DAMP by ca.
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OoaaeN Gty haabmaol 7 s Lo that mcthotioviste s N1-protonated while the
vitural ~ahsiate s unprotonated wie s bound o DR, and this difference s
prarporicd Loacconnt for the encome’s cihaeced aflingty for the drug (Matthews eral.,
L977 ) Hovover it appoais it the rsonal distornons in DAME do not fucilitate its
protonation relve o i Tor o planar ving structure as found in DNMP-1. The ex-
ceplivnal brozctvity of DAMP above that expected o the basts of lipophilicity alone,
is noy the osalt of improved oo oot nation as aoresult of the distorted ping
stivciare. Another siraciaiai feaiare in DAMP which may pluy a role inits enhunced
bioactivity however,is theshght “warpiig” or cibow obhserved in the molecule (Figure
Yo, asasesultof C7 bang 0.37 A abeve the pyrimidine planc (Cody and Zakrzewski,
1982, Tiuscouldallow ¢ better accommodgtion within the DHFR binding pocket rel-
ativeto the witernative colinear forim, Suchu possibility is currently underinvestigation
by the presentauthors but will inveive e detamled study of various conlormational forms
of DANIP vathin the biading pochet of DHER.

Conjornationl-Frergy Calculitions

The present mctiods were tsed 1o deieriuace the cenformational energies associated
swith rotation @ about C3-C7 i bets DAMP aad DNMP-1. For DAMP the
Cconformutiun O prannum cnergy curfaspands nearly to that found in the crystalline
state (Figuie 20y, The barrer o roizvon away from the preferred conformation is very
steep and hus 2 broad mavmum located in the region 30-90° (within the 0-120° total
configuratiun space) and s about 8.0 keal mol™ above the minimum. High ratational
barriers associated with adamiantyi gioups have been observed by othiers (Lomas and
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N Dapciy, JUNTYL NG valie of G ves seocasstul i rehioving the severe steric conflicts
batween tic adamaniyt sicwp and 4= ced G-substituent groups on the p)'riu'ndmc ring.
The barierelfecinedy fochs e C5 -C7 bondund preciudes relicfof the steric conflicts
resnonsibic far the distortions T he distortions are fusther aggravated by protonation
and by Beoavesenoe of s C2-amino wroup,
The C3-C7 hond i DNNP- i avesabmore Dexoie i at in DAMEP interms of
Mo aces b Tosiees o ao ceait e (Bpeare 2oy Usiig the perpendicnlar
contortion as relerence (O=4" E=0.0 kel mol 1), the energy rises slowly to ca.
2.0 heulmol Tuto=~61 (oward the 4-umna w'oup) then riscs sharply to ca. 7.2 keal
P mol " at @==90" (o conlioar confurmanuon). These high encrgy conformations are
assoiated with correspondinyg incicases 10 the ring distortion. Rotation away from
O=0"tuwurd the f-methyi proup ~hows a gradual decreasein energy, to ca, — 1.5 keal
mol™" at =060, tollowed by another maninum at @=90°. The calculated preferred
conforniion uf DNNP-1whenee different from that (perpendicular) observed in the
. crystaline state and exinbiis e cninplete absence of ring distortions. The geometry and
F churge disrribution we oniy shently aficcied by rotation. Preliminary results in this
regard for DNNMP-2 (Figute 2;} exlubi w profile similar to that for DNMP-1.
_ CONCLUSICNS
:}°
) The proseat results indicaic it ibe methodalogy used can be applied successfully to
g DAMP and related species. Calcuiaied bund lengths and bond angles are in quantita-
P ) tve agrecment with those obaerved, and the calvulated torsional angles, while less than
those ehserved, can be used 10 a semiquaniitative or qualitatve fashion for
compitsons, [ theimteat of o suthors o eatend these caleulations to other related
spec.os ta enpior e tartier the iraciurd end contormational aspects of DHFR-drug
speailicdy Pariculas avonton Lo oxamipie, b bamg fucused on the abserved
sizoliadint vanbon i') Daoainaicel ey wiit aiteration of the Co-substituent,
FCreisiiy for 11C Sogavtiod H1E st and crind thea decreaning, for n-propyl. The
present matitads \L().lnl vrove wscial tar estabhsinag the structural and conforma-
Lional Dasis of thy virration,
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BAND STRUCTURES, GEOMETRY, AND PARTIAL OXIDATION IN
IRIDIUM CARBONYL CHLORIDE CHAINS

D. BHAUMIK and J. E. MARK
Department of Chemistrv and the Polymer Research Center, The University of Cincinnati,
Cincinnati., OH 45221 (U S A )

(Received June 6, 1983)

Summary

The extended Hiickel method was employed to calculate electronic
band structures in iridium carbonyl chloride chains in an attempt to eluci-
date their equilibrium geometry and partial oxidation. The unit cell energies
thus calculated indicate that alternate Ir(CO);Cl units are staggered relative
to one another, with 50% positional disorder in the crystalline phase. Bound
states are not possible in the Ir(CO)};Cl chain without partial oxidation
of Ir, indicating that the repeat unit must be nonstoichiometric. A small
amount of partial oxidation of Ir gives a bound state of the chain when the
Ir-Ir separation is set equal to 2.844 A, in agreement with experimental
observations.

Introduction

The Krogmann salts [1, 2] such as those of Pt and Ir are square-planar
complexes of d® transition-metal ions stacked in columns in the crystalline
phase, with the metal atoms aligned along the columnar axis. These continu-
ous chains are often referred to as ‘one-dimensional conductors’ [3 - 5]
because of their metal-like conductivities along the stacking direction. A
major family of these compounds is nonstoichiometric [3 - 5], giving a
partially filled conduction band for high electrical conductivity. However,
controversy has arisen concerning the iridium carbonyl chloride chain, a
segment of which is shown in Fig. 1. It was originally characterized as
Ir(CO}5Cl1 [3, 6, 7], but later reported to be nonstoich.ometric Ir{CO), ¢;Cl; 47
(8] (Ir oxidation 1.07) or Ir(CO);Cl,; [9] (Ir oxidation 1.1). The observed
Ir-Ir distance of 2.844 A [8] requires an oxidation state of Ir'-* for good
agreement with the empirical correlation [3] obtained from Pauling’s bond
distance-bond number relationship {10]. Also, the measured high conduc-
tivity (0.2 2" cm ') [11] and low activation energy (0.064 eV) are in
support of the partial oxidation of iridium; unoxidized chain complexes have
much smaller conductivities and higher activation energies.

0379-6779/83/83.00 < Elsevier Sequoia/Printed in The Netherlands
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Fig. 1. A segment of the iridium carbony! chloride chain.

In the present work, attempts are made to explain the geometricai
structure of the Ir(CO);Cl chain and to determine the oxidation state of
iridium from the band structure analysis.

Theory

For any molecule, including polymeric chains, the LCAO approxima-
tion and Bloch's Theorem can be used to develop the crystal orbitals v, (k).
For a one-dimensional system in which N — 1 cells are interacting with the
reference cell and for a basis set of length w describing the wave function
within a given cell, the nth crystal orbital v/ ,(k) is defined as [12 - 16]

i explik-R,) C, (k}yx,ir —R)) (1)

/3 u=1

where the quantity k is the wave vector and R, is the one-dimensional
position vector given by R, = ja with a the basic vector of the crystal. C,,, is
the expansion coefficient of the linear combination and ‘x, is the set of
basis functions of Slater form. Calculations included all the valence atomic
orbitals of the Ir, C and O atoms, but for Cl atoms only s and p orbitals were
considered. The unit cell contains two Ir(CO);Cl units and, in the present
calculations, lattice sums were carried out to second-nearest neighbors.

Using the extended Hiickel approximation, the corresponding eigen-
values E, (k) are obtained from the eigenvalue equation

H(k)C, (k) = S(k)C (k)E, (k) (2)

where H(k) and S(k) are the usual Hamiltonian and overlap matrices.

The distribution of the E, (k) values for a given n with respect to k
(usually within the first Brillouin zone, —0.5K < k < 0.5K. where Kk =
2m/a) is the nth energy band. Since the variation of E (k) with k would be
symmetrical about the center of the first Brillouin zone, computations were
performed to determine only one half (0 < k < 0.5K) of the energy band.
The set of all energy bands describes the band structures of the compound.
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TABLE 1
Atomic parameters for the extended Hiickel-type calculations
Atom Orbital Slater exponent® Valence state ionization

Xy potential H,, (eV)

§y §:

¢ 2s 1.625 = —21.4

2p 1625 - —11.4
0 2s 2275 - —-32.3

2p 2.275 - —14.8
Cl 3s 2.336 - —24.2

3p 2.039 - —15.0
Ir 63 2.504 - —18.09

6p 2,484 - —4.57

5d 5.796 (0.6K98) 2.557 (0.5860) —12.5

“Two Slater exponents for the 5d function, with double zeta expansion coefficients in
parentheses.

The extended Hiickel parameters for C, O and Cl were obtained from
the literature {17, 18]. Following Summerville and Hoffmann [17], the
valence state ionization potentials H,  for Ir were assumed the same as those
for Rh (17}, which is directly above Ir in the group VIII elements in the
periodic table and whose electronic configuration is similar to that of Ir. Its
orbital exponents {, were taken from the work of Basch and Gray [19]. All
these parameters are summarized in Table 1. The geometrical parameters
{bond lengths and bond angles) of Ir(CO};Cl were obtained from X-ray
results |3, 8].

To determine the most stable geometrical configuration of the chain,
the distance r. ;, between the two Ir atoms was varied from 2.5 A to 4.0 A
in steps of 0.1 A. For each ry, , value, the dihedral angle ¢ between the two
Cl atoms in the unit cell was also varied (¢ = 0° for chlorine-chlorine cis),
keeping the other geometrical parameters fixed. For each arrangement of
Ir(CO);Cl units, the total energy per unit cell (E,) was calculated from its
band structure as a function of both ri ;, and ¢. The equation employed
was [14, 16]

1 K2
(E) = Ef E (k) dk (3)

-K/2

where E (k) is the total energy at k and, according to the extended Hiickel
method,

occupled

E.k)=2 Z E. k)

The unit cell structure which corresponds to the minimum total energy is
identified as the most stable packing arrangement.
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To calculate (E.) for the partially oxidized states the energy loss per
unit cell due to the electron removal from the valence band had to be
determined. For that, the Fermi level E; or the Fermi momentum k, was
calculated from the integrated density of states n(E) for the valence band.
The expression for n(E), which is the number of electrons per unit cell
when the energy levels are occupied up to E, is given by {14]

E
n(E) = f g(E)dE (4)
Ep

where E, is the bottom of the valence band. The quantity g(E), the density
of states, is given by

for one-dimensional systems. For each increment of partial oxidation & of Ir
(Ir'*?. § =0.05, 0.1,0.2,0.3, 0.4, 0.5, 0.6, 0.7}, the energy loss per unit cell
caused by electron removal was calculated from the Fermi momentum k;.

Results and discussion

The variation of (E,) with ¢ was analyzed for different .. Equation -
(3) indicates that for a fixed value of ri._|, (@ constant), the total energy per
unit cell (E,) is directly proportional to the area enclosed by the curve of
E.(k) against k. Figure 2 shows one such typical £ (k) versus k£ plot (for
rie—1w = 2.844 A) for various values of ¢. It is seen from this Figure that the
curve for ¢ = 135° encloses the maximum area. Because the E,(k) are all
negative, the total energy (E,) would be minimum at this value of ¢. This has
also been observed for other values of ri. .. Therefore, ¢ = 135 (the Ir-Cl
bond of one Ir(CO);Cl unit bisecting the angle between Ir-CO bonds of
another unit in the unit cell) corresponds to the minimum energy configura-
tion of the Ir(CO);Cl chain. Since there are two equivalent configurations
(¢ = 1357, 225°) of this arrangement, it is expected that there would be 50%
positional disorder in the Ir(CO);Cl crystal structure. This conclusion is in
agreement with X-ray structure analysis [3]. On this basis, the rest of the
results presented here correspond to this staggered arrangement (¢ = 135°) of
alternate Ir(CO);Cl units.

To determine the most stable separation between the Ir(CO),Cl units,
again the curves for the variation of E (k) against k for different values of
r'—1 Were drawn. The results are shown in Fig. 3. Since, in this case ri_|,
Is varying (@ is not constant), the direct proportionality of {E,) with the
enclosed area is no longer valid. Equation (3) was then evaluated analytically
for each value of ry. |, obtaining an analytical expression for E.(k)} by
polynomial fit. The results are summarized in Fig. 4, which shows that total
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Fig. 4. The total energy per unit cell for the unoxidized Ir(CO);Cl chain as a function of

e Ie

energy per unit cell (E,) decreases monotonically with increase in ry .
This indicates that the I[r(CO);Cl chain would not be in a bound state. At
re 1 = 2.844 A, the experimentally measured (8] distance, the chain is less
stable than the isolated Ir(CO),Cl units by 0.83 eV (19.2 kcal mol !). There-
fore to get a bound state of the chain, the Ir would apparently have to be
partially oxidized.

The band structure of the Ir(CO);Cl chain at a typical value of ry, |, =
2.844 A is shown in Fig. 5, where the uppermost p. band is the lowest
vacant band and the highest occupied band has d,: antibonding character.
For the partial oxidation, electrons have to be removed from this band. An
analytical expression for E(k) for the d,: band was determined by a poly-
nomial fit and eqn. (4) was evaluated analytically for different values of E.
The results of this analysis are shown in Fig. 6 for r; |, = 2.844 A, where
n(E) is normalized so that n(E) becomes two eiectrons at the top of the d.:
band. Since a unit cell contains two Ir(CO);Cl subunits, the partial oxidation
state Ir'*® corresponds to an electron removal of 28 per unit cell. From
examination of Fig. 6 it is apparent that for § = 0.05, 0.1, 0.2, 0.3, 0.4, 0.5,
0.6 and 0.7, the Fermi momenta k, turn out to be nearly 0.025K, 0.05K,
0.10K, 0.15K, 0.20K, 0.25K, 0.30K, and 0.35K, respectively. The analysis




& Ty pur @ UIMIIG UONRDIIOD o) MOYS SAUN Ay, Y RS = 1 Tiao) samgs jo Ayisuap pajesdaiul sy pue pueq 7p agg, g Ay
]
VoEERG = 1 e wieyd (HE(QO)I Y1 Jo eanidnas pueq ayg, ¢ My
¥ L]
w ns0 A0 WO a0 ko) N0, NGO WO NEO n20 Ao %0
T sl T T T T JOQ.
4
?p
\ NDU. -ﬂu
v L L W
/ e fs2
) . npezp
T ——
A IX
_ p*¥*p
m
x .
2 L \
. m
I N =
Sot T .M
///
7
Z
- 5 166
S6 7
S S S S ¥




L

306

16780

1678 5}
e
~ I
iy |
N
o
|679.0}‘
]
i
i Ol !
| |
| 505 ;
6795 L— }
25 30 3% a0
'('I( A
Fig. 7. The total energy per unit cell for the partially oxidized Ir(CO);Cl chain as a

function of rj,_|, for various values of 6

of n(E) at other values of r|,_|, reveals the same correlation between k; and &
as the above. Although relevant experimental data on Ir(CO);Cl are lacking,
the calculated results are in agreement with experimental findings on Pt
complexes [20].

From knowledge of the Fermi momentum k; for various amounts of
partial oxidation, the modified total energy per unit cell (E,) for different
values of ry.;, was calculated. The results are shown in Fig. 7. From the
analysis of such curves it is found that the equilibrium value of r. | becomes
2.844 A for 6§ =0.05 to 0.3 and then it increases with increase in partial
oxidation. Also, the depth of the potential well decreases with increase of
partial oxidation. This behavior of the Ir(CO);Cl chain is the opposite of that
shown by Pt complexes {3, 5], where rp, p, decreases (to a minimum value
of ~2.8 A) with increasing partial oxidation. This is because in the case of
Ir(CO),Cl the conduction d,: band width is larger for smaller values of ry .
This leads to a smaller energy loss for the lower state of oxidation giving
smaller values of the equilibrium distance. But as the amount of partial
oxidation increases, the variation of the loss of energy with r. |, decreases.
creating the energy minima at higher values of r, |,. The present calculated
results are in agreement with the experimental observation (8] that the

Al
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iridium-iridium distance is 2.844 A for a small amount of partial oxidation

(6

=0.07 - 0.10) of iridium,
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Iatroduction

The configuration-dependent properties of a polymer
chain, such as random-coil dipole momente and dimensions,
will depend on the relative energies of the conformational
states accessible to the skeletal bonds of the chain (lJ.
Likewise, 1t hase been anticipated and recently
demonstrated from band gap calculations (2) that the
electrical conductivity of a polymer chain will in general
vary &s a function of the degree of overlap of the
orbitals responsible for the conduction of electrons, and
this in turn will be conformation dependent. This latter
point ia pertinent to the polysilanes since recent
experimental studies indicate that at least one of these,
the phenyimethylsilane polymer (more commonly known as
“polysilastyrene'), appears to become semiconducting upon
addirion of chemical dopants (3). Thus this polymer, and
possibly other polysilanes, should be added to the list of
conducting and semiconducting polymers, including
polyacetylene (4), poly(p-phenylene) (5), poly(p-phenvliene
sulfide) (6), and polypyrrole (7).

Investigations are underway to measure some of the
configuration-dependent properties of a series of
substituted polysilanes (8). Results of these
experimental studies will be compared with those obtained
by theoretical methods based on the rotational isomeric
state approximation using coanformstional energies computed
from empirical potent:ial energy functions (1), Electronic
band gap calculations are also being carried out on these
polymers, particulariy as a function of structure and
chain configuration, 1in order to assess their potential as
eiectrical conductors or semiconductors. The present
study focuses on calculations of conformational energies
of the simplest of these polymers, polysilane itself, [Sin
-n The results will of course be directly applicable to
the prediction and 1interpretation of configuration-
dependent properties and to the snalysis of the relation
between electrical conductivity and conformation.

2951 NMR measurements were also
carried out on a phenylmethylailane homopolymer and
copolymer in the solid state. The mechanical and
electrical properties of polvsilanes are icherently those
of the bulk solid systems. Thus, studies of the molecular

High-resolution

origine of these properties require a spectroscopic
technique that is feasible for solid systems, and one
which can discriminste on the basis of chemical

environment. Solid-state high resolution NMR is obviously
one such technique.

Molecular Mechanics Calculatioms
Conformational energies E, calculated using

parameterized empirical potential energy functions summing
contributions from steric (nonbonded) and torsional terums,

iR}

were obtained for the chain segment —Si-SinLSiHZESiﬂzc—
SiHp=SiHy-S1i  as & function of the rotational angles P
and ¢, with bonds a and d held in the trans (9 = 0°)
conformation. Pertinent structural parameters are 2.34
and 1.48 K, respectively, for the Si-Si and Si-H bond
lengths and 109.5° and 110.3°, reapectively, for the Si-
Si-Si and Si-Si-H bond angles (9), Thus the corresponding
c-c (1.53 ) and C-H (1.10 X) bond lengths in the
structurally analogous n-alkanes (1,10) are substantially
smaller, and the additional 0.81 X length of the Si-Si
bond relative to C-C would be expected to greatly reduce
the severity of repulsive interactions in the polysilanes,
At the same time, however, the additional length of 0.38 A
for the Si-H bond over the C-H bond could act to offset
thia (9). The corresponding C-C-C and C-C-H bond angles
are 112° and 109° (1,10), respectively, and these are
nearly identical to the corresponding angles for the
polysilanes.

The nonbonded interactions were described by the
Buckingham potential function (1l). As a result of the
larger size and greater polarizability of Si relative to
C, the potential energy minimum for Si---Si is roughly &
times as deep and located 0.5 more distant than that
for the C---C interaction. Likewise, the potenzial energy
minimum for the Si--+H interaction is about twice as deep
and 0.25 more distant than that for C---H. In the
torsional terms, the intrinsic torsional barrier height Eo
= 0.4 kcal mol-l for the Si-Si bond is considerably
smaller than the corresponding value (2.8 kcal mol=l) for
the C-C bond in the n-alkanes (1,10,11). This feature
will tend to flatten the potential energy surface. Hence,
it is seen that the polysilane and the n-alkanes actually
differ markedly in terms of their geometric (bond lengths)
and energy parameters. These differences manifest
themselves in the potential energy surfaces calculated for
the two types of chains.

Results of the Counformational Analysis

The results are given in terms of a potential energy
surface as a function of the rotational angles %, and ¢.
Values of E for the tz(0°, 0%, g%g® (2120°, *120°), and
gg* states, which are particularly pertinent to
calculations of ronfiguration-dependent properties
utilizing the rotational isomeric-state theory (1), are -
1.17, -1.88, and 9.08 kcal mol-l, respectively. Hence,
g3g® states are preferred over the alternative tr states
by ca. 0.7 kcal mol-!, while the g%* states are
prohibitively repulsive as is typically the case (1). By
comparison, in the analogous n-alkanes the tt state is
preferred over the g-g* states by ca. 1.0 kcal mol~l
(1,10). On the assumption that intermolecular energies
generally have only a smasll effect on conformation (1),
the crystalline state conformation could thus be similar
to the polyoxymethylene [CH;-O-] 9. helix, rather than to
the polyethylene [CHy-CHz-] planar zig-zag conformation.

Nearly all regions of the conformational-energy space
are within 2.0 kcal mol~) of the energy minima; this is in
lhltY contrast to ‘the relatively high barriers (> 6 kcal
mol~l) and large regions of prohibitively large energy
found for the n-alkanes (10). Investigations are undervay
to determine the influence of both the preference for
gauche states over trans states and the relatively high
degree of conformational flexibility on the configuration-—
dependent properties and electrical conductivity of the
polysilanes.

2951 NMR Spectroscopy

This type of solid-state spectroscopy is being used
to  characterize opolysilanes in terms of chemical
environment of the silicons in the backbone, relaxation of
backbone sili.ons, (which can elucidate molecular motion
of the nucleus under observation) and the quantity and
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type of crosslinks. A typical spectrum is shown in Figure
l. Of greatest interest 18 the study of doped systems,

9 . Y 1o o 13 v

Fig. 1. 29g; apectrum (17,88 MHz) of a
poly-(412 phenylmethylsilane, 592
dimethylsilsane) block copolymer at T =
150K. The silicon chewmical shift
anisotropy, about 35 ppm ctotal width,
appears to exhibit an asyumetry
parameter near unity. Experimental
conditions: crose polarization,
matching RF fields 42kHz, decoupling RF
field about 60kHz, mix time & wmsec,
recycle 2 sec, 540 transients.

and the relationship of network structure to the
semiconductive properties of polysilane chains. For
instance, previous 13C work on undoped polyacetyiene (13)
indicated that the nominally cis- and trans- materials
were structurally pure (i.e., no <cls-trans mixtures
occurred). The presence of a small concentration of sp3
hybridized carbon, ascribable to chain ends, crosslinks,
or hydrogenated regions, was also indicated. The chemical
shifts were "normal', in that the values did not reflect
the occurrence of metallic conduction.

Parallel studies on pure and on doped polysilanes are
also being carried out 1n order to understand how the
addition of electron acceptors such as AsF5 influences the
chemistry and structure in giving rise to semiconducting
properties (3).
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This review focuses on a new type of para-catenated aromatic
polymer being used in the preparation of high-performance
films and fibers of exceptional strength, thermal stability, and
environmental resistance, including inertness to essentially all
common solvents. Polymers of this type include cis and trans-
poly(p-phenylene benzobisoxazole) (PBO), and the cis and
trans forms of the corresponding poly(p-phenylene benzobis-
thiazole( (PBT). The purpose of this paper is to summarize the
authors’ theoretical work on the structures, conformational
energies, intermolecular interactions, and electronic properties
of PBO and PBT chains, including the protonated forms known
to exist in strong acids. The empbhasis is on how such studies
provide a molecular unde:standing of the unusual properties
and processing charactenstics of this new class of materials.

INTRODUCTION

Synthetic polymers now pervade all industrialized

societies, with new applications appearing on
an almost daily basis (1). One example of a case in
which specially synthesized polymers have been
particularly impressive in their replacement of non-
svnthetic or non-polymeric substances is the area
of “high-performance™ materials. Materials in this
category are so designated because of their ability
to mzintain desirable properties over a wide range
in temperature, and frequently despite exposure to
very hostile environments. Some specific examples
of the superiority of man-made polymers are pack-
aging flms that are tougher than the cellulose-
based materials they replace, and textile fibers such
as Dacron, which are much more durable than most
naturaily occurring fibers. A more exotic example
is the class of aromatic polyamides having high
welting points and exhibiting strengths (on a weight
basis) well above that of steel (1).

The present review focuses on a new type of
para-catenated aromatic polymer being used in the
preparation of high-performance films and fibers of
exceptional strength, thermal stability, and environ-
mental resistance, including inertness to essentially
all common solvents. A polymer of this type, a
poly(p-phenylene benzobisoxazole) (PBO), is illus-
trated in Fig. 1 (2). The isomer shown here is
designated the cis form on the basis of the relative
locations of the two oxygen atoms in the repeat
wnit. Other related polymers of interest are the
trans-PBO and the cis and trans forms of the cor-

responding poly(p-phenylene benzobisthiazole)
(PBT), in which the two oxygen atoms are replaced
by sulfur atoms.

As can be seen from the sketch, these chains are
extremely stiff, approaching the limit of a rigid-rod
molecule. Because of their rigidity, they readily
form liquid-crystalline phases (3-9), specifically ne-
matic phases __= in which
the chains are aligned axially but are out of register
in a random manner. The spinning of films from a
liquid-crystalline dope of such a polymer has great
advantages (1, 10). The required flow of the system
is facilitated, and the chains already have a great
deal of the ordering they need in the crystalline
fibrous state to exhibit the desired mechanical prop-
erties. Not surprisingly, PBO and PBT chains are
the focus of the US Air Force's “Ordered Polvmers”
Program (10), which has been established to de-
velop high-performance materials for aerospace ap-
plications. They arc being used not only as fibers
and films, but also as reinforcing fibrous fillers in
amorphous matrices to give “molecular composites™
(10-12), where they serve the same purpose as the
macroscopic glass or graphite fibers widely used in
multi-phase polymer systems.

The purpose of this account is to summarize the
authors’ theoretical work on the structures, confor-
mational energies, intermolecular interactions, and
electronic properties of PBO and PBT chains, in-
cluding the protonated forms known to exist in
strong acids. The emphasis is on how such studies
provide a molecular understanding of the unusual
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Ko

Fig. 1. The cis-PBO repeat unit (2).

properties and processing characteristics of this
new class of materials.

METHODOLOGY

Both empirical molecular mechanics methods
(13) and semiempirical CNDO/2 (Complete Ne-
glect of Differential Overlap) molecular orbital
methods (14) were used for the (intramolecular)
conformational energy calculations. Only the for-
mer, however, has been used to date for the inter-
molecular interactions. The latter, quantum me-
chanical technique was modified to include geom-
etry optimization (13, 16), except in the case of
molecules containing sulfur (because of the in-
creased number of electrons). In the molecular
mechanics calculations the interaction energy E was
considered to be the sum of the steric or van der
Waals energy, the Coulombic energy, and the bond
torsional energy. The van der Waals energies were
calculated from Buckingham potential functions,
generally with standard values of the function pa-
rameters (2). Coulombic interaction energies were
obtained using partial charges obtained from the
CNDO method; the values of the dielectric constant
emploved were the order of unity for calculations
on the chains alone, and the other of one hundred
for the chains dispersed in a strong acid. The tor-
sional contributions for the rotatable p-phenylene
bonds were taken to be two-fold symmetric, with
minimum energy in the coplanar conformations and
values of the barrier heights as suggested from
pertinent spectroscopic data.

Polarizabilities were calculated using three meth-
ods, specifically, second-order perturbation theory
combined with the formalism O?CNDO/S CI (Con-
figuration Interactions) (17, 18), an empirical
scheme based on the additivity of atomic hybrid
components (19), and the standard bond polariza-
bility method (20). Electronic band structures, rel-
evant to electrical conductivity, were calculated
using the tight-binding scheme based on the ex-
tended Hiickel theory (21, 22).

The required structural information, in particular
bond lengths and bond angles, were generally ob-
tained from X-ray structural studies carried out on
model compounds (3).

CONFORMATIONAL ENERGIES AND
INTERMOLECULAR INTERACTIONS FOR
THE UNPROTONATED CHAINS

Deviations from Coplanarity

In spite of the rigidity of the PBO and PBT chains,
there is some conformational flexibility in that ro-

tations should be permitted (at least to some extent)
about the p-phenylene groups in each repeat unit.
Such rotations ¢ are illustrated in the chain segment
shown in Fig. 2 (2). The preparation of high-
strength materials consisting of rodlike polymers
such as these requires a high degree of alignment
of the rods. The extent of intramolecular rotational
flexibility and thus deviations from planarity are
important in this regard, particularly in terms of
chain-packing effects and the solubility character-
istics of the polymers.

The molecular mechanics calculations (2) on the
segment shown indicated that the lowest energy
conformation of cis- and trans-PBO should corre-
spond to ¢ = 0 degrees; this is in agreement with
the planarity found for the corresponding model
compound in the crystalline state (23). Significant
nonplanarity is predicted for trans-PBT with ¢ es-
timated to be approximately 55 degrees (2). The
nonplanarity predicted for the PBT, but not for the
PBQ polymers, is due to the fact that the S atom
has a much larger van der Waals radius than the O
atom (~1.85 versus 1.40 A) (24). The pertinent
experimental value of ¢, obtained from a crystalline
trans-PBT model compound, is 23.2 degrees (25).
The lack of quantitative agreement between theo-
retical and experimental results is less significant
than the numerical differences in ¢ might suggest.
First, the energy changes only gradually with ¢
near the minimum; specifically, the entire range ¢
= 25 to 90 degrees gives energies within 0.23
kiloJoules per mole (k] mol™) of the minimum
value, and this indicates considerable uncertainty
in locating the preferred value of ¢. Second, the
discrepancy between theory and experiment could
be due to intermolecular forces, which could
strongly favor a more nearly planar conformation
for more efficient chain packing. The effect of in-
cluding intermolecular interactions by minimizing
the total (intramolecular and intermolecular) en-
ergy of a pair of trans-PBT sequences (2) does shift
the predicted conformation to the range 0 to 25
degrees, in much better agreement with experi-
ment. The vibrational and electronic absorption
spectra of model compounds in the crystalline state
and in solution (26) are consistent with this inter-
pretation. The situation is thus very similar to that
of biphenyl, for which the dihedral angle is ~42
degrees in the vapor phase, ~23 degrees in the
melt, and ~0 degyees in the crystalline state (27).

Another problem with the intramolecular molec-

gﬁ 2. Rotatable segment in PBO (X = O) and in PBT (X = §)
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ular mechanics calculations is the fact that the tor-
sionai barrier chosen in these calculations may un-
der=stimate the true barrier to rotation. In the rigid-
rcd polymer, the coplanar conformation may be
frvored by long-range conjugation effects, which
are absent in benzaldehyde, the model compound
used for the estimate of the barrier. Some evidence
in support of this possibility exists in that the length
cf this bridging bond in the polymers of interest is
sinaller than the lengths of corresponding bonds in
analogous low-molecular-weight species, which
sugZests some partial double-bond character in
these C-C bonds (2). This suggested recourse to
CND calculations, the results of which are sum-
marized in Fig. 3 (27). In the case of cis- and trans-
PBO, very similar conformational energy profiles
were obtained. In both cases, the preferred confor-
mation corresponds to ¢ = 0 degrees (coplanarity);
this result is thus in excellent agreement with the
molecular mechanics results and with experiment.
The substantial barriers to rotation away from co-
planarity imply that conjugation effects between
the aromatic moieties (favoring coplanarity) domi-
nate the steric repulsions (distavoring coplanarity)
between the orthohydrogen atoms on the phen-
vlsre group and nearby atoms within the hetero-
cyclic group. The CNDO/2 conformational-energy
profiie of the frans-PBT model compound is quite
diiferent. The preferred angle is ¢ = 20 degrees, in
good agreement with experiment, but the ener:
barrier to coplanarity is only about 2.1 kJ mol™'.
Eeyond ¢ = 20 degrees, the barrier rises sharply
and monotonically, yielding 2 maximum barrier of
~25.0 kj mol™ at ¢ = 90 degrees. The barrier to
rotation is relatively large and should be considered
an upper estimate because geometry optimization
was not available for sulfur-containing molecules
such as PBT. The cis-PBT chain is also predicted to
be significantly nonplanar, but the experimental
results (25) indicate a deviation of only 2.8 to 5.8
degrees from planarity. Molecules of this type are
much more complicated than the three others in
that they have considerable “bowing™ within the
repeat unit, a subject (27) dealt with separately in
a later section of this review.

In the case of the two PBO polymers, geometry
optimization gave bond lengths and bond angles in
excellent overall agreement with those observed
for the model compounds in the crystalline state
(23).

Chain Packing and Intermolecular Interactions

The specific goals in these calculations (28) were
elucidation of the nature of the chain packing, and
estimation of the corresponding densities, magni-
tudes of the total interaction energies, and the
relative importance of van der Waals and Coulom-
bic contributions

Because of the complexity of these systems, the
calculations were of necessity very approximate,
being based on only a pair of the chains of a given
tvpe in their planar or nonplanar conformations.
The first chain was one repeat unit long, with the

Fig. 3. Dependence of the CNDO conformational energy AE on
the torsional angle ¢ for the cis-PBO, trans-PBO and trans-PBT
model compounds (27). For a given compound, values of AE were
taken as the difference in total energy E between a given confor-
mation ¢ and the conformation corresponding to the lowest cal-
culated energy.

second being assigned a series of lengths in an
attempt to make the interaction energies (per re-
peat unit) as realistic as possible without making
the calculations impracticable. In the initial series
of calculations the chains were first placed in par-
allel arrangements, one above the other, and then
one chain was rotated about its axes. The rotations
invariably increased the energy, and such arrange-
ments were therefore not considered further. Thus,
the calculations to determine minimum-energy ar-
rangements were based primarily on two parallel
chains shifted relative to one another. In the case
of the density estimates, there are two specific sets
of calculations which are relevant, one for a pair of
chains above one another 3 and the other for a
pair alongside one another uu .

The results (28) show that for pairs of chains
above one another the chains are out of register by
3.0 A in the case of the twa PBO polymers (which
would place a phenylene group of the upper chain
over the bond ﬁridging the two ring systems of the
repeat unit of the lower chain) and by 1.5 A in the
case of the trans-PBT. These are rather approximate
results, in part because of the large number of
energy minima occurring as the chains are slid by
one another. The latter displacement was predicted
to be smaller than the former because of the large
size of a sulfur atom relative to oxygen and the
much more irregular cross section of the nonplanar
PBT molecule. These results are in at least qualita-
tive agreement with the results of X-ray structural
studies. The experimental values of these axial shifts
were found to be approximately 4.5 A in the case
of model compounds for all three types of molecules
(23, 25). The agreement between theoretical and
experimental values could, of course, be consider-
ably better for the polymeric chains, which have
not vet been studied experimentally in this regard.
In the case of the vertical spacings, the theoretical
results are in excellent agreement with the experi-
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mental value of ~3.5 A for all three types of model
compounds (23, 23). For the pairs of chains along-
side one another, the spacing is predicted to be
approximately 6.1 A. Although there are no exper-
imental values of this quantity available for com-
parison, it is important for density estimates which
are discussed below.

The interaction energies were found to be rather
large, with contributions from only a few repeat
units adding up to values approaching typical bond
dissociation energies. This suggests that the failure
mechanism in such materials might generally be
bond breakage rather than chain slippage. The at-
tractions are somewhat larger for the trans-PBT
chain because S atoms give rise to larger van der
Waal= attractions than do O atoms because of their
much higher polarizability. The Coulombic contri-
butions to the total interaction energy were found
to be very small, which suggests that the dielectric
constant of a potential solvent for these (unproton-
ated) polymers should be of no importance, and
thus in agreement with experiment (29).

The above information also permits estimation of
the densities of the PBO and PBT polymers in the
crystalline state. The two polymers were repre-
sented as having elliptical cross sections with six
such ellipses closely packed around a central el-
lipse. The densities thus estimated were found to
be in good agreement with the experimentally ob-
tained densities of the model compounds (23, 25),
particularly in the way they vary with changes in

“the structure of the repeat unit. The results indicate
that the higher density for the PBT polymer is due
to the higher atomic weight of S relative to O,
rather than to more efficient chain packing.
“Bowing” in the Cis-PBT Chains

Model compounds of the cis-PBT polymer chain,
as illustrated in Fig. 4 (27), have been shown to
assume a slightly bowed configuration in the crys-
talline state (25). The bowing is a result of the
planar thiazole rings being inclined in the same
direction from the best plane through the atoms of
the fused benzene ring by an average of 2.6 de-
grees. The bowing corresponds to an average incli-
nation of 4.7 degrees between the bonds connect-
ing the end phenylene to the benzobisthiazole and
the best plane through the benzobisthiazole group.
If present in polymeric cis-PBT, this bowing would
be expected to interfere with alignment o% chains
and hence have a deleterious eftect on desirable
properties.

Of primary interest here is a rough estimate of
the strain energy responsible for inducing this mol-
ecule to “bow” out of the planar conformation, as
exists in the trans-PBT and cis- and trans-PBO
model compounds. To this purpose, the CNDO/2
total energy of the cis-PBT model compound was
calculated (27) and compared to that of a fictitious
planar cis-FBT model molecule possessing essen-
tially the same structural geometry (in terms of
bond angles and bond lengths) as the actual
“bowed™ molecule. Values of equivalent bond an-
gles and bond lengths in trans-PBT and cis-PBT

L

Fig 4. The cis-PBT model compound with the bowing illustrated
in two dimensions (27).

model compounds are observed to be nearly iden-
tical in the crystalline state (23). The planar cis-
PBT studied here for comparison can therefore be
considered the direct analogue of trans-PBT, apart
from the fact that the “cis” form apparently does
experience considerable strain.

The results gave an energy of —~5368 eV and
—5308 eV, respectively, for the “bowed™ and “flat™
forms. This yields an energy difference of ~60 eV
per molecule (~5800 k] mol™!) in favor of the
“bowed” form. These numbers should be taken as
highly approximate upper limits since geometry
optimization could not be implemented and
CNDOY/2 energies involving second-row atoms like
sulfur are typically less reliable. Nevertheless, these
results do indicate that rather large energy de-
creases are obtained by the bowing process. Appar-
ently, after bowing, the molecule’s bond angles and
lengths “relax™ to values experimentally indistin-
guishable from those of trans-PBT (27).

Chains Containing Molecular Swivels

Because of their stiffness, the PBO and PBT
chains are very nearly intractable, being insoluble
in all but the strongest acids [even when pendant
groups are attached to the chains (10)] and very
difficult to process into usable films and fibers (3,
10). These materials may be made more tractable,
however, by the insertion of a limited number of
atoms or groups chosen so as to impart a controlled
amount of additional flexibility to the chains. The
insertion of even a small number of flexible molec-
ular fragments or “swivels™ into such chains will
increase their flexibility and tractability by allowing
mutual rotation of adjacent chain elements about

the swivels’ rotatable bonds. (Such swivels also have -

the advantage of facilitating the polymerization). It
is obviously of considerable importance to investi-
gate the effect of the structure. number and spac-
ing of such swivels along the chain. For example,
two closely spaced swivels would decrease the ri-
gidity of the chains but still permit occurrences of
nearly paraliel conformations conducive to the for-
mation of the desired molecular alignment or or-
ganization, as illustrated in Fig. 5 (30).

In swivels of the type Ph-X-Ph-X-Ph, where Ph is
phenylene and X is the single atom O, S, Se, or Te,
the pairs of rotatable angles should be independent
to good approximation and the problem therefore
treated in terms of two single swivels. The energy
maps obtained for these swivels from molecular
mechanics (30) reveal that the sulfur swivel has the
advantzge both in equilibrium flexibility (more low-
energy and thus accessible regions in configuration
space) and in dynamic flexibility (lower barriers
between energy minima). Also, the Ph-S-Ph swivel
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Fig 5. Two adjacent oxygen para-phenylene swivels (30).

has a larger fraction of the conformational energy
map that is energetically accessible. In the case of
the double swivels it is of course important to
consider which isomeric linkages (o,m,p) have con-
formations which give nearly colinear continuation
of the chain, or at least parallel continuation. The
oxygen double swivels have three isomers that pro-
vide colinearity (mpm, pop, and mmp), and seven
that permit parallel continuation. The sulfur double

swivels have no isomers giving colinearity and again .

seven giving parailelism (30). In the S case, the
absence of colinear isomers is related to the values
of the various bond angles within the segment.
Specifically, the similarity between the bond angles
(12C degrees) within the aromatic ring and the
COCbond angle (123 degrees) in the oxygen swivel
increases the number o?r nearly colinear arrange-
raents. This simplifying circumstance does not oc-
cur in the case of the sulfur swivels since the CSC
bond angle is 109 degrees.

A number of somewhat more complicated swivels
were also investigated, viz., —CO—, —SOy—,
~—CH;—, and —C(CF3);—. On the basis of both
thermal stability (31) and conformational flexibility,
it seems that the must promising swivels from this
expanded group are —O—, —S—, —C(CF3)>—, and
—CO— (30).

As is evident from Fig. 5 (30), H atoms on C atoms
which are a to the swivel linkage can force the
swivel out of the desired coplanar conformation. A
simple way to reduce these offending H---H re-
puisions would be to eliminate the responsible at-
oms altogether. As an example, one or both of the
phenylenes in the swivel could be replaced with a
pyridylene (Pyr) group in which the nitrogen in the
ring replaces the offending CH group. It is found

when even only one of the phenylenes is thus
replaced, as in Pyr-O-Ph and Pyr-S-Ph, the repul-
sions in the coplanar arrangement are greatly re-
duced and, in general, the ﬁexibility of the swivel
increased. As expected, replacement of both of the
Ph groups increases both effects.

Wholly aromatic swivels, such as diphenylene
and 2,2-dipyridylene, should have the greatest
thermal stability. They can maintain parallel contin-
uation of the chain if bonded to it either 0,0 or
m.m: although the p.p isomer provides colinearity,
it does not of course give the “kink™ needed for
additional flexibility. Replacement of one or both
of the phenvlenes by the 2-pyridylene group would
be expected to relieve much of the inter-ring
congestion. as already described, and molecular
mechanics calculations give results in agreement
with this expectation

Geometry-optimized CNDO/2 calculations were
also carried out on a number of the wholly aromatic
swivels, viz., biphenyl, 2,2’-bipyridyl, 2-phenyl-
pyridine, 2,2’-bipyrimidyl, and 2-phenylpyrimi-
dine (32). In agreement with the molecular me-
chanics calculations and with intuition, increase in
the number of nitrogen substitutions generally de-
creases the energy of the coplanar conformation
and increases the overall flexibility of the swivel
(32).

EFFECTS OF PROTONATION

Polymer Chains

Protonation of the rodlike PBO and PBT chains
and their model compounds in acidic media will
have significant effects on their solubility, solution
behavior, geometry, and conformational character-
istics. In fact, only very strong acids such as meth-
ane sulfonic acid and polyphesphoric acid are sol-
vents for these materials (29). Recent interest has
therefore focused on the extent, nature, and effects
of protonation in the polymers in order to gain
insights into their solubility behavior and solution
properties.

Freezing point depression measurements (33) on
PBO and PBT model compounds have indicated
that, depending on the acidity of the medium, the
PBO model compound can exist as a 2H* ion, pre-
sumably with one proton on each (highly basic)
nitrogen atom, or as a 4H"* ion, presumably with
the other two protons on the oxygen atoms. The
PBT model compounds appear to have a greater
preference for the smaller number of protons owing
to the lower basicity of sulfur atoms relative to
oxygen atoms. The CNDO method was used to get
charge distributions for such protonated PBO and
PBT chains, and molecular mechanics was then used
to estimate the magnitudes of the inter-chain Cou-
lombic repulsions (28). It is difficult to relate such
results quantitatively to the polymer-solvent disso-
lution process, which is, of course, controlled by
changes in free energy. They are nonetheless of
considerable interest in that they indicate that pro-
tonation of the chains should greatly decrease the
intermolecular attractions, even at the very high
dielectric constants characteristics of strong, undi-
luted acids. This conclusion is consistent with the
fact that only extraordinarily strong acids are sol-
vents for these types of polymers (29).

Geometry-optin.ized CNDO calculations were
carried out to characterize the effects of protona-
tion on the conformations of the PBO chain (34).
For all three forms, the unprotonated chain and the
2H* and 4H" ions of the cis-PBO model compound,
the preferred conformation corresponds to rotation
angle ¢ = 0 degrees, the coplanar form. As ¢ in-
creases, the energy barrier increases monotoni-
cally: the maximum barrier is located at ¢ = 90
degrees with an energy AE of ~8.4, 33.6, and 84.0
kj mol™! above that of the coplanar formn for the
unprotonated form, the 2H* ion, and the 4H* ion,
respectively. These resulits are somewhat surprising
in that steric arguments would suggest that repul-

m POLYMER ENGINEERING AND SCIENCE, FEBRUARY, 1984, Vol. 24, No. 3

e ——

— —_—

N
[ P R

P

-
-~

S kb 1 < Wi Lo SRR 05 1 LS e it caner i SRR AR T

=




w - ——

Theoretical Incestigations on Some Rigid-Rod Polymers Used as High-Per formance Materials

sions between the orthohydrogens on the phenyl-
enes and the acidic protons on the benzoxazole ring
should render the coplanar conformations less pre-
ferred than other orientations, and certainly less
preferred than the coplanar form for the unproton-
ated case. Inspection of the geometry-optimized
structures of the three species in the coplanar form
shows that the rotatable bond is seen to decrease
in length with increased protonation. Specifically,
the bond lengths are ~1.43, 1.42, and 1.38 A for
the unprotonated form and the 2H* and 4H" ions,
respectively. Such contractions are typically indic-
ative of strengthening of the bond, in this case the
result of enhanced conjugation (favoring coplanar-
itv) between the phenylene rings and the aromatic
heterocyclic group. This increased stabilization of
the coplanar forms appears to more than offset the
repulsive effects of steric interferences.

These conclusions are corroborated by construc-
tion of resonance structures for the three species,
which indicate significant contributions from reso-
nance structures wherein the rotatable bond as-
sumes a double bond in the case of the protonated
forms (34). Additional evidence for the contribu-
tions of resonance structures upon protonation is
aoted in the slight shortening (and thus strengthen-
ing) of phenylene C-C bonds parallel to the back-
bone and the lengthening (and weakening) of those
bonds more nearly perpendicular to it. Finally,
changes in the UV-visible and Raman spectra upon
protonation (35) are consistent with this described
increase in conjugation.

Additional geometry-optimized CNDO/2 calcu-
~“lations (36) were carried out to predict the order
of protonation within the cis-PBO model com-
pound. The results indicate that protonation occurs
in the order N,'N, O, O, which is consistent with
the greater basicity of nitrogen relative to oxygen.
Thus. repulsive Coulombic effects between the
acidic protons have only a negligible influence on
the precise sequence of protonation.

Molecular Swivels AN

It is likely, and indeed desirable in order to pro-
mote solubility, that the nitrogen-containing swiv-
els be protonated in the strong acids in which the
PBO and PBT chains are soluble. CNDO calcula-
tions (32), for example, on 2,2’-bipyridyl showed
that mono- and di-protonation had large effects on
its conformational characteristics. While the parent
molecule and the diprotonated ies both prefer
trans- over the cis-coplanar conformation, just the
opposite is true for the mono-protonated case.
Hence, the coplanar conformation preferred by the
species will be a function of the acidity of the
medium, with trans preferred in neutral media fol-
lowed by a preference for cis (mono-protonated)
and then back to trans (di-protonated) with increas-
ing acidity. The results suggest the presence of
hydrogen bonding for the mono-protonated bipyr-
idyl in the cis-coplanar conformation, as evidenced
by the strong preference for this conformation and
by the bending of the exo-ring angles about the
swivel atom in order to shorten the interatomic

distances to reasonable values for the N...H*-N
hydrogen bond. The species 2,2’-bipyridyl-H,0*
and 2,2’-bipyrimidyl-2H;O0 were also studied in
this manner, each in two initial configurations, one
with an O-H hond pointing to each N atom and the
other with an O-H bond normal to the swivel bond.
For each species, the former configuration is the
preferred one.

POLARIZABILITIES

The polarizabilities of the PBO and PBT chains
are of considerable importance since they are
needed for the interpretation of solution property
studies such as flow birefringence measurements
(37, 38). Experimental studies of this type were
carried out to obtain rheological time constants and
orientation parameters relevant to the processing
of these materials.

The perturbation-CNDO method gave values of
the average polarizability that were unrealisticaily
small (39, 40), but the atomic additivity (19) and
bond additivity (20) schemes gave more realistic
results, in good agreement with each other. The
PBT chain is predicted to have a larger value of the
average polarizability than the PBO chain, since the
C-S bond is much more polarizable than the C-O
one. The calculated results were used to estimate
values of the anisotropic ratio § directly applicable
to the interpretation of flow birefringence data.

ELECTRICAL CONDUCTIVITY

Of interest here is the fact that the same struc-
tural features that give the desired rigidity in PBO
and PBT chains also give extensive charge delocal-
ization and resonance stabilization. Such character-
istics could be conducive to electrical conductivity,
a topic of much current interest in polymer science
(41). The present goal was therefore to carry out
preliminary calculations of electronic band gaps in
order to determine whether any of these molecules
show promise of bein% semi-conducting either un-
doped or as modified by a suitable dopant.

For cis-PBO, trans-PBO, and trans-PBT chains in
their coplanar conformations, the band gaps in the
axial direction were found to be 1.72, 1.62, and
1.73 eV, respectively (42). Since trans-PBT is non-

lanar, calculations on it were also carried out as a

nction of its rotation angle ¢, the results being
given in Fig. 6. The band gap was found to increase
markedly with increase in nonplanarity, as would
be expected from the decrease in charge delocali-
zation. The calculations suggest the most likely
value of ¢ to be ~30 degrees, in good agreement
with the experimental value of 23 degrees obtained
by X-ray analysis of a crystalline trans-PBT model
compound (25). At this value of ¢, the calculated
value of the band gap is 1.98 eV. No discernible
dispersion of the energy bands perpendicular to the
chains is observed (43), indicating that the neigh-
boring chains are electronically non-interactive, as
was found earlier for trans-polyacetylene and poly-
ethylene (44). All of these values of the axial band
gaps in PBO and PBT are very close to the corre-
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sponding values of 1.4 to 1.8 eV reported for trans-
pclyacetylene (41), a much studied polymer with
rezard to electrical applications; this should: en-
courcge further theoretical and experimental inves-
ticetions of their electronic properties.

SOME STUDIES ON STRUCTURALLY
RELATED MOLECULES

Since the PBO and PBT polymers are so intrac-
table, some theoretical and experimental investi-
gatiens were also carried out on more tractable
random-coil polymers, such as the polyformals (43,
46) [CH.O(CH,),0-] and polysulfides (47-31)
[(CH.),S-| in order to obtain more insight into the
properties of the structurally related rigid-rod pol-
ymers. Also, similar calculations were frequently
carried out on relatively small molecules having
structural features in common with the PBO and
PBT polymers, specifically 2-(4-morpholino)ben-
zothiazole (32), and several antifolate enzyme in-
hibitors (33, 34).
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Particle Sizes of Reinforcing Silica Precipitated into
Elastomeric Networks

Inherently weak elastomers are generally reinforced by blending particulate fillers into the
elastomeric polymer prior 1o 1ts being cured into a network structure "' A specific. and very
important, example is the mixing of high-surface silica (Si0,' of a few hundred A diameter
into poivtdimethylsiloxane) PDMS [—SitCH,i,0—].! #**1' One disadvantage of this standard
approach. however. is the invariable coalescence of the filler particles into large aggregates
in an essentially uncontrolled and poorly understood manner.* The nature and extent of such
aggregation obviously would have a large effect on the mechanical properties of the elastomer
thus reinforced.

It has recently been demonstrated™ that it is possible to prepare very tough elastomers by
swelling PDMS networks with tetraethy! orthosilicate (TEOS) [(C,H.0},Si]. which is then
hydrolvzed in siu. It was proposed!< that the hydrolysis of the TEOS gives silica particles
which provide the desired reinforcement. The present investigation tests these ideas by means
of transmission electron micrographs obtained on thin slices of PDMS elastomers thus pre-
pared. The main goals are to find evidence for such filler particles and, if present, to estimate
their sizes and size distribution. Since any such particles would be formed within a polymer
matrix which should impede their coalescence into undesired aggregates, the degree of dis-
persion of the filier particles 1s also of considerable interest.

EXPERIMENTAL

The network was prepared from vinyl-terminated PDMS chains having number-average
moiecular weights corresponding to 10 “M, = 13.0 g - mol-/. They were tetrafunctionaily end-
iinked with SijOSuCH,.H)j, in the usual manner.** and the resulting network was extracted
with tetrahydrofuran and then toluene for several days to remove soluble material ‘found to
be present to the extent of a few percent: Strips cut from the network sheet were then dried.
and one was set aside as a reference material (0 wt 9 silica.

The other network strips were swelled with TEOS to the maximum extent attainabie, whict
corresponded to a volume fraction of polvmer of approximately 0.26. Several strips were placed
Into an agueous solution containing 2¢ by weight of ethyviamine. and the hvdroivsis of the
TEOS was permitted to occur at room temperature for 1.5 h. The weight of the dried strips
indicated that 34.4 by weight of filler had been incorporated in this manner.

Thin films having a thickness the order of 10* A were microtomed from both the filied and
unfilied samples using the foliowing techmque A piece of network approximately 1 > 1
4 mm was nserted into the water-filled cylindrical opening in a copper mount, and was then
‘razen inwo place. The entire assembly was cooled to approximatety — 126°C with vapor from
a container of liquid nitrogen. and was then nserted into a simiiarly cooled Porter-Blum MT-
2 Ultramicrotome equipped with a diamond knife. Thin shices obtained in this way were
coliected on copper grias. and examined in transmission using an RCA 3-G Eiectron Microscope
with aoubie condensor and high magnification pole piece.

RESULTS AND DISCUSSION

The electron micrographs obtained for the filled PDMS network at magnifications of 52.80C
- and 118.800 ~ are shown in Figures 1 and 2. respectively. For purposes of comparison, the
corresponding 1essentially featureiess' micrograph for the unfilied network at 118800 ~ s
snown in Figure 3. The existence of filier particies in the first network. originally hyvpothesized
on the basis of mechanical properuies. is cleariy confirmed. The particies have average di-
ameters of approximateily 250 A, which is in the range of particle sizes of fillers® tvpically

Journal of Applied Polvmer Science, Vol. 29, 3209-3212 (1984
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NOTES 3211

Fig. 3. Micrograph for the unfilied PDMS network at 59.400 x.

introduced into polvmers in the usual blending techniques. The distribution of sizes is relatively
narrow, with most values of the diameter falling in the range 200-300 A.

Most strikingly. there is virtually none of the aggregation of particies essentially invariably
present 1n the usual tvpes of filled eiastomers. These materials should therefore be extremely
usefu! 1n characterizing the effects of aggregation. and could be of considerable practical
importance as well

It 1¢ a pieasure to acknowledge the financial support provided by the National Science
Foundation through Grant DMR 79-18903-03 (Polvmers Program, Division of Materials Re-
searcht and by tne Air Force of Scientific Research through Grant AFOSR 83-0027 (Chemical
Structures Program. Division of Chemical Sciences:. MY T. and C.-Y. J. also wish to thank
the Dow Corning Corp. for the Research Fellowships they received

Fig 1 Transmission electron micrograph at a magnification of 26.400 x for the PDMS
network containing 34.4 wt % filler. The length of the bar in each figure corresponas to 1000
A

Fie 2 Micrograph for the same filied network at 59,400 ..
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Abstract—Dielectne constant measurements were carned out on polvidimethvisiloxane) (PDMS) hinear
chatns CH - [SuCH1.0],-5uCH, ), and eyvencs G(SIICH“,:U‘D, for x = 10, !5 and 70. in cvclonexane and
in penzene at 30 C. Mean-square dipoie moments « u°° were caiculated from these data. using the method
of Debve. The vaiues thus obtained for the linear chains are consisient with resulls previously reported
for short, unear PDMS cnains in the undiiuted state. Discermbie differences among the values in the two
soiventts and undiluted state are manitestations ol the “specific sotvent etfect” known to be important in
ionger hnear chains the networks of PDMS. The cvciics were found to have dipoie moments very simiiar
1o those of the corresponding hinear chains. The cvelics also showed a specific soivent effect. in the same

JITECUION 4 sNOWN DY the inear mo.ccules.

INTRODUCTION

The chain molecuies which have been most exten-
sively studied witn regard to conformation-dependent
properties are those  of  polvidimetnvisiioxane)
(PDMS). Experimentai investigations have tocused
on tneir random-coll dimensions (1], dipoie moments
23], network thermoetasticity {1, 3], stress-opuicai
coefhcients 6. 7). and ring-chain cyvchization constants
1%.9). Theoretical studies carned out to interpret, and
even predici. such properties are dbased on the well-
known rotationdl isomeric state theory {1]. and have
heen notably successiul in this regard. Unusual fea-
tures Of lhese cnain molecuies wnich make them
attractive 1o both expenimentaiists and theonsts are
tneir tracubtisty and mgh-lerberature  stabihity
[10. 11 semi-inorgamic nature {12}, marked poianty
[1.2-3]. unusuai equabion of state parameters [13].
annormal entropies of dilution and excess volumes
ii4], extraordinary flexibthity and permeabiiity
[10. 11, 15]. and (because of unequai skeietal bond
angiest a iow-energy contormaton that approximates
a ciesed poivgon [1. 21 Another interesting teature 1s
tne existence of evehicsHSUCH, .07 covenng a wide
range in degree of poivmenzauon ¢ (8. 9. 16l as weil
as the unusuai bnear chains CH.-{SuCH,),0}.-
SaCH.,

The present investivation is concerned with the
Jdetermination of expenimental vaiues of the mean-
square dipole moment .« u° - of PDMS linear chans

and cvches having x = 10. 15 and 70. The required
dielectric constant measurements are carried out in
soiution, 1n both cvclohexane and benzene. Com-
pansons with previous results [2.3] obtained on
short. linear PDMS chains n the undiluted state are
used to document the dependence of -y~ on solvent
medium. Also of interest are possible differences in
° between hnear cnamns and cvchics having essen-
ually the same degree of polvmenzauon {1b).

EXPERIMENTAL

Three PDMS hinear poivmers (L1, L2, L3 and three
cveies (Ch, C2. C3) were generousiv proviged by Protessor
J. A. Semiven. The (number-average) number n of Si—0
and O3 skeietal bonds and poivdispersity indices are
given m the second and third coiumns ol Tabie |

At ieast four sofutions of each of the sampies were
prepared in both cvcionexane and benzene. with the weight
fraciton w ol potvmer ranging trom 0.U03$ 10 U.036. Specinc
voilumes ¢ of the soiutions were then detertnined by difato-
metry. indices of refiection A by differenual retractometry,
ana dieiectne constants ¢ with the usual capacitance bnage
Jand 4 minrature three-termunai celi [17] All measurements
pertam to 30

RESULTS AND DISCUSSION

Values of the concentrauon dependence of the
quantines of interest were expressed as dr:dw,
dAc dw, and dAn;dw. where Ac =t(£ —¢,) 15 the

,

Tabie | Expenimentai data and results for the PDMS linear chains and cvchics in cyclohexane at

l0°C
Poivmer n LM, —Jdi dw dac. dw —dAs dw utnmt

Li 294 i 0 J2Ils 0433 0 Qle 0.178
L2 ile gl 0.255 0473 0 008 £.190
L2 141} 107 0.250 0502 0.004 n.213
1! 19" 113 0220 0542 -0002 0.182
(@ 96 108 (282 0.524 0 006 0.209
[ 192 HE 260 0 49| 0 008 0.203

517

At
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difference between the dielectnic constants of the

solution and solvent, and Az serves the same purpose
lor the indev of refracuon. The sesulis for the solu-
tons i ovelohexane are given in columns four to sy
of Table 1. and for the solutions mn benzene 1n

<iviwoto four of Table 2. Mean-square dipole
Jeecnts were caleulated trom the Debye equation

S = (OKT 42N P (h

where A 1s the Boltzmann constant, 7 = 303.2K s the
arnoiute temperature. N s Avogradro's number. and
(£ 1y the molar onentation polarizaton at inhmite
dilunon The latter s given by

VIR Ly Sy (2

/

where £ the total molar polurizaton of the solute

dang R s moiar retraction. both at inpmite dilu-
ton The values of 24 and R:were ontained trom 8]
Fo= . Lo = D[ Mude dw =1
~ 3AMr e = D Tede dwoy
Ro= o = oo = D] [Midr dw — 1 )]
~[6Mr, (n7 = 2rladn dur od
when M s the moiecular weight of the selute Toe
atorug poiarization Py was cilculated trom [3
P.o="N = Som <

For svmmetne chains such as PDMS wr any jeng
fe 1Ol e mean-square dipoie moment - L s der
Tedl e the salur oo for the cnaim owhen ure-
rerturped py exctuded volume interactions [L 200 s
ralic to the numrer » of (polar) skeietdi bonas and
(e sguare of e S:—0 pond moment moas thus edua.
o the muen-used dipoie moment rane o e {4
Vaues of the tatio calvutated using the known result

vol D203 are gnven an tne nnad columns o
Tehies T and 2 We esnimate the uncertanty i these
Vatues Looneoapproy [

For inear PDMS chains having 22 = 200 the exper.-
mentas value of the dipoie moment rabio 1 the
undiuted state as obtamed trom the Onsager method

approy 6333 ne tneoretical, rotational isomernie
atue s 27 [3 A e = 1400 oniv the theoretica!

~ (2331 s gvaniable The present results are
thus seen Lo be COnsIstent With presious experimental
and tneoretical resuits on short, inear PDMS chams
The ditferences beiween tne results in cvclohexane. in
nerzene. and n the undiluted state are most kel o
tamitestation ol o Uspecihe sofvent effect™ v
serment soibven! anteractions which  presumabiy

sequences along the chain

cnange conformationai
Packbone  Suct, an o efiect ol the medium on

"o

slate y
sdalut

Kiasnr and

B Makn

conlormation-dependent propertics of PDMS 1
previousiy been demonstrated Tor domensons il and
dipole moaments [19] of long lincar cians. and cone
gation modull of elastomene networks (21

The results obtained on the ovclios indicate that
they have values of the dipoie moment ratio ven
stmilar to those of the corresponding inear chains At
least for the range of »oanvestgated. the dipole
moment thus seems less generally usetul than otner
properties [16] which have been used to charucterize
differences between PDMS hinear chains and cvelics
Fanalls. 1t s anteresting o note that the exchies also
showed o specific solvent eflect. 1n the sumie direction
as that shown by the imear chains

A recent study [22] covening @ wider runge in o has
concluded that Tor # > 10, the dipole moments ot
cveire and bnear PDMS chamns are dentical within
experimental error. and that both cvehies and hnear
chiuns exinbita specitic solvent effect. This study thus
conirms the two mator conclustons reached i the
present anvestgalion

Jchnowedpenents -- Ui @opicasure o thank Protessor JoA
Semivern tor the PDMS sampies, and 1o aoknowiedge the
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C_o_l_loid & Polymer Science

Colioid & Polymer Sci 262 758-760 (1984)

SHORT COMMUNICATION

The effect of relative humidity on the hydrolytic precipitation of silica into

an elastomeric network

Y hangand ). E. Mark

Dieoartmen: of Cnemistry and tne Poivmer Research Center, The Umiversity of Cincinnan, Cincinnat, Ohio, USA

Ker woras. Filied eiastomers, siiica filier, insitu reinforcement, poividimethvisiioxane.

shown (1,21 that 1t is possibie to fill
arvady cured nerworks of poividimetnvisiloxane)
— S CHO.0O=" by sweliing them witn
rerraztnviontnosimaaw [ TEOS [SOC,H(L). which
Sien nvéroivred in an agueous solution of acic. base,
< aaias cataivsi The siica precipitated insitu in this
WAl conasts or darucles approximateiv 200 Aindiam-
L 3200T3INC L0 eleltron MICTOSCOPY MEasurements
"2 ang oives 2 subsiania IMProvementn the ulum-
3L properuies ANC tougnness Of the €laSIomernis nei-
; The present ivesugauon

Wores INus reated LU 3-5

LoLUses 07 IRY AMIDANZANON OF tNis techmaue by car-
= Ox-swolien PDMS nerworks

Lo dlT U Yanous vajues Ofr ne reiative

oul wWiln

NIV ONDOSL

Experimental details

Tne PDMS sampie empioved consisted of nvdroxvi-terminated
chains naving a numoper-averape moiecuwar weign: of 8.0 x 107 ¢
mo!~ ", ana was generousiy provided bv tne Dow Corming Corpo-
rauon. Tne chains were tetratuncuionaliv end imked with TEOS
tne undiiuted state, in the usuat manner (6. Tne resuiting nerwork
sneets, which were approximateiv 1 mm thick. were extracted a:
roOm temperature using terranvaroturan for tnree Gavs folowed
bV toluene 107 three gavs, Soi fractions amounted o a few Wt &
Test strips cut Irom tne sheets were approximateiy 3 mm wiae and
30 mm iong.

The extractec test strips were wepned anc then piaced into
TEOS unu. swoliern 1o eguilibrium (which corresponaec w a
volume traction of Doivmer of approximateiv 2.26.. Eacn strip was
then piaced on a PO. Ous support 2nd msertec into one of four con-

wamners in WRICK tne reiative nUmMIAdIty was mantained at vaiues o)

21%: ;qampent condinons;, 53 %, T3 or 1205 Tne TEQS was

Mg DErmitted 10 react Witn the Moisiure thus proviaed 101 tne intervais
FUREErE Ot U nsit Laled NerwWorks
“e . WS oAt 1%L,
SN rron g Tron . N omm” fmn™’
P T - - - -—
Z TN . 2 kG C.48 C.44
ow - 14 2.2t 114 .ot
I Sllsle 2003 A .80 2 9%
N 2 - - et RN BRI 1.6¢
- -- T enc - .- - -
-- R P -- -~ -- --
. -- 325 20 - . - -
z -~ 19K - 33 - - - -- --
N -- 3270 - -- -- -
N -~ 471 .16 - -- -- --
. T
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Coced Stress SNOWTN A5 2 TuNSLion O rediproca: eionga-

Fiel

LOn 107 tvoiZa. nerworns reated at S350 reatve numiain. Ine

realtuon

rescits perain 10 25 0 anG €ACn cunve 1S a0 el Wil

. Tneverusa; CJS.’K‘C: LHNes1Iaate the runiure points 0rine

tme
DeTWOIKS

O ume specified f COILINT TG 07 tabie L T he sammies were then
Ariec UNOeT VacuLmm. and rewelgnec 1o cONSWnt weient 1o aeter-
mine the W Y7 sica 10 0QUSEC. LAUDIIcale OF INNICAle Qeterming -
1ons were mads 1N MOSL Cases

V1iues OF the aensity ¢ O ONE Series 01 NeTWOrks were measured
Column taree O the b

O Dyvinomerry tne resulls are give
SIres-SIrain Catd i GI0NCAUOR were tnen ohumed 107 tnese same
samptes 31 25 L wn tne usua manner io-80 Tne nominar stress e
D ODLINed was civen by 4T = 44" where 115 tne eguiithrium giasul
rorze ane A e UNAeIeTMES Crossectiona. area. and the requced
3 w—-c " :

Ve eneIn 0f N sampie

Pam i

cormoauius ie-100 oy = wnere o= L Lot

LnoocponTation Or reialt

Kesuits and discussion

Vaiues o7 the w9 silica which were obtained rom
Jnanues AW In WelZnt of the sampies are gven in
Znnous of the able, Tne present. simplined prec-
. mietnod 1S seen 10 De successtul in thas nlier is
¢ inamounts comparable 1o those intro-

wr e TEOS 18 in direct contact with hquid
LatoLcataivsts. As expected. relauve

~1 TNt condinons INcrease tne rate

o! TEQOS hvdroivsi, Ity imporant to note that oni
verv small amounts of sihea are preaipitated unaer
ambient conditions, even Wwith these verv iarge
excesses of TEOS. This indicates that the amounts of
silica which mav be unintentionaliv tormed {47 from
the TEOS widelv used in PDMS end-hnking cures
must be negligibiv small. It 1s wiso possibic to use the
densities ot the filied nerworks. unfilied network. and
silica (~ 2.6 g cm™") [11] to esumate the wt “ siiica
introduced. These values are given in column 3 of the
tble. There 1s reasonably good agreement. but as
observed eisewhere [4], such vaiues o1 the wt %< sihca
can be significantly iess than those obtained directiv
from the changes in nerwork weight, ind.caung that
not ali of the nvdroivzed TEOS 15 converted ali the
wav 1o pure silica.

The stress-strain resuirs obwined were first repre-
sented In terms of the dependence of the moduius on
reciprocal elongauon [12.12]. The isotherms thus
obuined are shown in nigure 1. The nsitv filied net-
WOrKs are seen to have clongauon moduii which are
mucn iarger than that of the unnlied nerwork. In add:-
uor. the upturns in [ 1 observed at mgher eiongations
cicariv demonstrate {131 the desired reinforcing efiect.
Increasein filier content would be expected to decrease
e elongaton &. at rupture. and this is confiirmed by
¢ resulls SNOWR 1N COlUMR SIX Of ine tabie.
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Fip. 2. The nomina. stiress shown asa tunction of eionganon for the
same nerworks cnaracterizec 1o tivure L Inthis representanon, tne
area unaer each curve represents the energy Z. required 107 net-
WOrk rupture
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Fronre 2 snows the data of ngure 1 plotted in such a
wav that the area under each stress-strain curve corres-
ponds to the energy E, of rupture (1. 8], which is the
standard measure of elastomer toughness. Increase in
filier content s seen to give significant increases in both
E. and in the uiumate Strcngth. as represented bv the

vaiue (f14%), of the nominai stress at rupture. Vajues of

both quantities are given in the last two columns of the
wble. This insitu precipuation technique. in spite of its
simphicity, 1s obviously extremeiy efrecuve in impros-
ing the mechamical properties of PDMS elastomers.
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Tab. ¢ Conunued

Precipration conaitions
~—

Supstance

Mernoxacetw

Hyvarowvacene

Totluoroaceus

‘Nane

Ovianow

Saivie

Inoreame ~ases
Sodium fvdroside

AMMOBIIT JYJrovde

Amines
Ethy [amine

Diethviamine

Triethylamine

2202 Nimlotniethanol
(Tricthanoiamine)

Tetramethvlammonium
hvdroxide

Ethvlenediamime

2-Amino-2-hvdroxymethyl-
1.3-propanediol
[Tristhvdroxvmethyi)-
aminomethane]

Hexamethvienetetramine

Amides
Formamide

Formula

CHOUH COOH

HOCHCOOH

OO

CCOOHD

CHOCHO COOH

HOC H, COOH

NaOH

NHLOH

CLHONH,

(CyHONH

(CHON

(HOC.H ) N

(CH,),NOH

H NG, H NH,

tHOCH,),CNH,

CHLN,

HCONH,

Py

Preaipitation resaits
“eaction  ciasto- i
Time mer content
nn Jenana- noat Ty

“ron

0.5

3

3

i

} BB 2.8
bl 132 3
. 141 iy
2 13-2 0,8
3 14-2 )
0.8 18

1 182

2 183

3 5.4

i 16-1

2 16-2

3 16-3

1 174

2 T2

3 )

. 1R-1

2 18-2

3 183

1 19-1

M 19-2

3 191

1 20-8

M 20-2

3 20-3

H 214

2 21-2

3 NI

i 22

N 222

3 223

1 231 29
2 22 459
1 AR SR.2
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[ARITRIRE

SISO Jo
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Tab 1 dontinded

Supstance

NN Dimetaviformamiae

Acetdmide

NN Dietnseeerroeamede

HCON-NHIORER JOoMpPUunds

Simidzane

Loaminopropsitniethosvsilane

Saits

SOSIBM Sale

Porassium
Jifivdrogeapnospaate

Cupric Shivrde

Sudium chionde
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THEORETICAL STUDIES OF THE ELECTRONIC PROPERTIES STRUCTURAL INEoWME
OF SUBSTITUTED POLYACETYLENES

1 . Ir. Tebie 1, tne atructura. parameters used tor the
Kenneth C. Metzger’  and William J. Welsh''*

\
“bepartment of Chemistry and Polvmer kesearch (enter, Tebie 1. Struclurs. parsmeters used tor the prement
. University of Cincinnati. Cincinpati, OF 45221, caicuiations tor perfivoropoivacetviene (CF and
Lepartment of Cnhemistrv, College of Mount St. Josepr, poivacetviene (CH x

Moun: St. Joseph, OH 45051, x

INTRODUCTION (CF {CH
x x
Polvacetylene, (CH)x‘ the simplest organic polvmer
with a fully conjugated backbone, has generated
considerable 1interest due to 1ts unusual eiectronic
properties, Specifically, through selective doping the = 1.352 L0347
poivmer's electrical conductivity can be made Lo vary manv (-C 1L.L40 PR TS
orders of magnitude, from 1insulator to semiconauctor (... {-H -- .11
Tne structure of the polvmer chain appears tc be one of (-} L.33¢ -
the key determinants for the electronic properties of tne
polvmer/dooan: sevstems (1:. hecent structural eviaence bond lnglenb
and tneoretical caiculations (1-3) euggest a planar
packbone structure for c18 anc trans forms of (CH .- Cw({-C 126.6 127.0
However, many aspects of tne structure and characteristics Co(-K - 11£.0
» of (CH'_ are not well-defined aue tc 1ts intractabiiity Ce -F 11T.3 -
and 1ts 1nsolubility 1in most soivents. Manv other
polvmerac svstems have beer proposed or actualiv
investigatec wiir regarcd tco thelir potenctial &k concuctors ";n units of Ang8troms.
or sem:conauctors {(il,, samong these the haioger~subsIituted
poivacetvienes (&4). “ir urits of cegrees.
It appears that
eiectrical conductivity 1s sensitive tc tne ogegree of
conlugaion along the chain backdOne, and this 1r turn
varies directly with the extent of chairn planarity (5. presen: caicularions are summarized, Tnese vaiues were
ir. the case of suosritufed poivacervienes 1N pDATULICULS&T, seiecred, in the  case of (CH)_. froz availabie
1t 16 crucia. for eftective congusiivity tnat  the experimenta. BtruCtura. data (2,8) ‘on the voivmer and
substituent 5 bulk nol cause appreciabie oceviarions from tror resulte of extensive 8 1mitio snd CNDO/I {(Complete
planarity in an attemdpt to reduce steric confiicts. Among Mbeglect of Difierential Overiap) wolecuiar orbital
, tne naiogen:fubs:ktu:ed polyace[yle(nes. tne flyorine atox “-lcu:u“am“ Ir tne case of (CF .. tne CNDO/Z-
{, 1s jus: small enough (r ... = ..30 A" t¢c render atcractive calcuiated values used were found to be in close
) /"f F--+.F 1nteractiones ever 0T tne pianar cnain in wnich cawe agreement wlth experimental vaiues giver fer Amalli-
N} ’f' zne four-ponc F--+F 1interatowic diStsnce 18 cioses: [(I.6( moieculie analogues (9,,
&.. however, with substitution of chiorine (r__ . = 1.80
AY steric conflicts between pendant chiorine atoms will RESULTS AND DISCUSSION
renaer the plianar conformation highiv repuisive, ané this
effect would becowme more severe for Br and I substitution. Caiculatedc values of the band gaps [ and bané
In this study, quantur mechanical theoretical wmethods are widtns BW for both (CF). and (CH:_ as & functiorn of the
: useC O calcuiate the electronic band gaps and banc widtns rotationa. angie ¢ *are presented in  Tabie L.
g of the (CF" cnsin  and compareld with tnose simiiarly lnterestingiy, (CH) and (CF)_  give neariy 1oentical
caicuiated for (C¥) 1teelf. Calcuiations have been vaives of both E  and BW at every vaiue of ¢ consigerec.
carried out as g functior of rotation about tne singie Within this level of approximatior a: leasl. 11 8ppesTs
bonds &long tne backbone in order o assess the dependence tnat substituting F for ¥ irn polvacetviene har &
oi coneuciivity on  chain  pianarity, Likewise, the negligible effect or the polvmer's 1nirinsic eiectriCa.
i‘ sensizivity of tne calcuiasted band gaps tc small changes conauctivity. For both polvmers, vaives of I  girh &
it structure (vond angies, Dbond iengths) has beer mirimue (£ = Q.~~C.7 eV at tne vlanar confemﬁ:xons [¥3
investigated. « 0% an¢ 5BC) and & maximuz (E = 4.3 eV: wnen tne
pianes of the chain on eiltner 51 of the rotarec bonc
THEQRY sre mutualiy perpendicular i = 90°). These results are
consistent with the expectation of & direct relationship
In  all calculations presented here, the chains between conouctivity and degree of conjugation (5., both
assumed the fran: geometry sboul the C»( double bonds, and of which snould be largest at o = 0% an¢ 180° and
rotations ¢ aboul tne intervening single C~C bonde were smalles: at ¢ ~ 90,  Tne experimenctaliv determined vaiue
cartied out in increwents of 30 with ¢ = € corresponding of I for (CH). is l.4~1.8 eV (9}, inasmuch s these
te the planax, zig-zag (“trane™) conformation exvefimental vaiuer fall between that given by these
(T ) Tne delocalized crvstalline wmoleculasr caicuiations tor ¢ = C° ané 1B0° (E_ = (.7 eV) and tna:
orbiltals needed 1in the guantur mechanical approach tor ¢ = 90° (E - .3 eV, the present results may
emploved were obtained us1ng  the taight-binding scheme suggest conaiderl‘éle aeviations frow pianagrity along the
based on the extenced huckel approximation {(6.7). Tne backbone.
caiculations 1included all of the valence atomic orbitals
. of tne C, K, and F atoms comprising the chans. ir tne Tne bandwidth BW of the highest occupied moiecular
present caiculstions, iartice sums were carried out to orbital mav be Telsted tco some extent tc the cegree of
seconc nearest neighbors. ° deiocalization of the y everter siong the chain backbone
. and to tne charge carrier mobility in the oand (1), For

poth poivmers, values ©0f tne BW were & maximur (t.© oV}
for the pianar conformations ané a minimum («.l-w.u eV}
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at ¢ = 9C¢, with a large BW vslue indicating & high degree
of T delocalization and of carrier wobilaity.

Calculations were alao carried out to assess the
sensi1taivity of E  and BW values to swmall changes an
structural geometry. The wost spectacular effect in (CF}
was obtained bv increasing the backbone C=C bondolengthl
and decreasing the C-C bond lengths both by 0.02 A, At ¢
- Co, this small change reduced the calculated value of E
from (.72 eV to 0.40 eV, Such a structural wmodificataro
would be 1indicative of 1increased conjugation along the
chain backbone, hence the result suggests a verv strong
relationship between high conductivity and & high degree
of conj)ugation. ln the other direction, decreasing the
C=C bpnc leagths and increasing the C-C bond lengths by
0.02 A from their original values resulted in an incrzase
in E_ from 0,72 eV to 1.04 eV. These results alaoc point
out Ehll. by the present methoas, calculated band gaps are
extremeily seneitive to the structural geometrv chosen fov
tne backbone. Celculated wvalues of E and BW were
virtually 1insensitive tc small changes % bond angies
along the backbone, with increasing or decreasing the C=C-
C bpond angle by 2.c® proaucing no effect. Likewise,
snortening or lengthening the C~H bonds in (CH) or the C-
F bonas 1n (CF'  bv 0.0 A hac s negligibie effect on the
calculated ES and BW vaiuves. 1t sppears

Tadble II. Calculated values of the band gl;‘ (£ ) and
pand widtk® (BW) for (CH‘x and (CF:x as & function of
rotational angle ¢.

(R (e
¢® r Bt £ *® Bt
§ £
C €.78 6.6 C.72 6.9
3¢ P .2 P ]
60 3.8 3.8 3.6
9C ..o 3.5 “.2 2.5
120 L.t a6 2.5 “.3
150 . .0 Ll .3
180 .6 t.g 0.6 6.6

& - -
Ir units of electror—volts.

|4
ir units cf aegrees.

|/ ther. that conductivitv is directly and strongly dependen:

on tne cegree of conjugatiot &ioug the backbone, anc the
other structural modificalions are c{ wminor or negligible
conseguence.
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INVESTINATL
KE IN DOPRD

‘. Shaumiw an J. Z, Mark, Jepartmenc

ce PoLvTmer aeararcr

1t nas  recentlv Seen di1scoversd thnal  Joping  _an
1 rease tNe eiectric Ionductivity ! trans-Poivacerviene

. snown in Figure [, v apoyl lwe:ve rders of

polvacetviene chain.

-3
oagnilude . Th Jopants AaF; and 1. have bYeen most

wideiy used but other halides ‘and metdl 1ons are also
etfective. Experimental 1investigations demonstrate . che
ex:stence ot [T species in  iodine-doped poivacetylene,
8r”, 1n the “bromine-doped poivmer, and Ciy in  zhe
cnldrine-doped polvmer. However, the lack o complete
scructural information for these poivmers has hindered
progress towarde an understanding of ctheir electronic

proverties. in the present work preliminary attempts are
maae o underscand the sx1al eleczronic band structures of
acceptor-doped poiyacetylenes. The dopanca 8tudied were
I, and 3¢, &nions.

3 3

Method of Calculation

The electronic band structures were calculated using
the cight-dindigg scneme based on the extended Huckel
approximation. The parameters required fos Yy C, I and
B3r atoms were obtained from the literature. '* In the
present caiculations lsttice sums were carried out to
second-nearest neighdors.

Ceometry optimization by, means of the ab-initio STO-
JC quanctum mechanical method ® was used to calculate bond
.engths and bond angles for the t-(CH) . The calculated
values for C-C, C=C and C-H bond leng:h‘ are 1.483, 1.323
and 1.084 R,renpectxvely- The C=C-C bond angle is 123.98°
and C=C-4 angie is 119.93". The corresponding parameters
for 13 ‘"12 14 anions vere obtained from the
ticerature.”" BogL the molecules are linear with icdine-
iodine and bromine-bromine bond lengths of 3.1 and 2.7 i,
reapectively.

The unit cell has been modeled to consiat of the
species C, i, (A,J, {wunere A 1s 1 or Br), which represents
a doping :eve§ o} I3 we 2. The reasons for this choice of
concentration are that (&) 1t 1s close to the highest
observed anc level for 1odine-doped polvacetviene
(CK!q. )x;‘ (b) .the size of the unit cell is within the
dimensional limicacions of the computer program svailable;
(c) the system thue defined gives a closed shell problem.
The same concentration was used for iodine- and bromine-
dJoved polvacetviene for @ capparative getudy of the
zalculated and experimentsl results at fixed
concentrarion.

imarv  ca.cu.slions the . or sp

n thege ore.s
Hniine were piacec svmmerricallv over the poivacetviene
van 1P?7 wmaa.s

tnain at a distance «qual (o Ine sum
rac 1 ot T an¢ I 3r Br aroms rtar I ana Br  cne
separations are (.5 A and }.n A, cespectiveivs. In trig
Ariangement tne separations Detween tne :0dlne inions and
Sromine anions  gecome <. 3 1n agreement  w:itr

experiment , and .5 X, respectivelv.

desulrs and Drscussion

To test tne L1ty 0! tne thearetictal metnoc, the
band structure o! the ungoped - CHy was calcuibtec,
- I -~ = - < .

ahl 18 snown 1N rigure o, 3ecause 21 "nhe larce unit

K
Figure 2. The band structure of undoped trans-~
polvacetvlene.

ceil, the Brillouin zone 18 one-ninth as long aa the

primitive unzt cell, and there are nine bands eacnh fog

the T and T states. Among these, the three lowest 7
and :the three hignest 7 and one O stactes are shown in Lhe
figure. The calcuiated band gap 1.3 eV is in good
agreement with the experimental estimaces of 1.4 - 1.9
ev.,* The band-gap minimum ia at the zone edge of the
srimitive unit cell. This agrees with the picture of a
band gap arising from alternmating single~- agd double-bond
iengthes driven by a Pererls distortion. ™" The present
model, therefore, clearly agrees with the experimental
ocservations.

Figures 3 and &4 show the effects of doping trans-
polyacetylens with iodine and bromine, respectively. The
broken-line bands sre for the iodine or bromine dopants.
In both cases the highest occupied valence band of
undoped polyacetylene becomes the lowest unoccupied
conduction band, and this conduction band almost overlape
the valence band at the zone center. (The band gaps for
iodine- and bromine-doped polyacetvlene are 0.018 and
0.033 eV, respectivelv). These almost degenerate bands
will result in a partially fixed band at the zone center
of these doped polvmers, thus giving them metallic
characteristics, Tne dispersion of the valence and
conduction bands of i1odine- and bromine-doped 1-(CH) are
0.56 and 0.35 eV anl 0.50 and 0.33 eV, reupectxcelv.
This slight increasse in band gap and decresse in valence
and conduction band dispersion in going f{rom iodine-doped
polvncetxlene to Sromine-doped polvacetvlene expiain the
observed decrease in conductivatv at constant doping
concentration {assuming other relevant factors remain
constant). Finallv, the bands Jue to the Jopants are
flat since zhe interionic discances are moTe than the sum

[§4)

of
(¥
th.
Qu+

in
(40
Te
va
th:

pr



0K C.5K

Figure 3. The band structure for 1o0dine-cgoped
trans-polvacetvliene.

Figure 4. Tne band structure for bromine-~doped
frana-polvacetviene.

of tnhe van der waais rTadil o! the corresponding ions.
(For 10dine the sum 0! van der waai« radi: is =.3l X, Dyt
the minimum separation 18 .. &:; the corresponcding
quantities for bromine are 1.9 and 5.° A respectiveiv..
Additional calculations 1n progress 1inliude i1nterchain
interactions and variatior o! thne teiative Orientazions ot
the anions with respect (0 the polivacetviensr chall. Tne
resuits  should vield & <c.earer unaerstandinzg of e
variations “r the band RaD anc changes 15 the natute of
tne vaience and conductlor bands.

It 1n & pilessure o acknowiedge The irancial suppors
provided bv tne Air Force ttfice a!f dcientiiic Researct
(Chemical
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Structures Frogram, tivision of {hemica.
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Coametry Optinization Using Svmimetny Coordinates
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The use of svmmetry coordinates (SCi i geomietry opurmzation 1s discussed. A computer programn.
incorporating the use of SC. togetner with anaivucal calculaton of the gradient and quaaratic acceleTalion.
1s described. Aiso reported are carefu! test results on a series of small molecuies and typical results Wit &
long senes of molecules up 1o quite large size (40-600 atoms,.

INTRODUCTION

For the last several vears we have been inter-
ested 1n the use of molecular symmetry in moiec-
ular orbital calculations.! The program we have
deveioped. CNDO/s,® makes extensive use of
point-group svmmetry tiroughout.

In this article we would like to report on the
simplifications afforaed by the use of symmertry
In the process of geometry optimization. Thne
Hamiltonian operator, and consequently the
cradient of the potential energy. transform of
necessitv in the totaliv syvmmetric Lrreducible
representations (irrep) of the applicable point
eroup (PG:. As a result. anyv denvatives of the
gradient with respect to coordinates that are not
totaliy symmertric (or do not contain a totaliv
svmmetric component) vanisn identicaliv. Tnere-
fore when the energv 1S expressed In terms of
svmmetry coordinates (SC). aerivatives (gradient
eiermnents) are reguired only with respect 10 those
coordinates that transiorm in the totally svm-
metric 1Irep.

A moiecuie consisting of N atoms has 3N — 6
13N = & 1f 1t 1 hnear) internal degrees of free-
dom (DF;: without use of symmetry. all the inter-
nal DF must be optimizec. Moreover. whiie it is
generally easv 1w separate out the 3 transiational
DF. separation of the 3 (or 2) rotational ones 1s
not trivial. On the otnher hand. even molecuies
with onlv reiativeiv iow symmetryv have signifi-
cantiv fewer than 3N wotaliv svmmetnc DF. Thus
in formaiaenyde. H.CO. transiorming in the PG
C... there are 6 internal DF. put oniv 4 toualiv

svmmetnc SC. in acetone, also C, . there are 24

*To whor: al. correspondence should be adaressec.

internal coordinates, but only 9 towally symmet-
ric sc. The larger the molecule and the higher 1ts
svmmetry, the greater the simplification achieved
by the use of the sC.

Optimization using sC of any molecule requires
an initial test structure which transforms in some
rG. say G. The converged structure will trans-
form in the same group, or possibiy in a PG Lo
which G is a subgroup: however, the final struc-
ture cannot be of lower symmetry than the test
structure. Special provisions have to be made in
case the test structure 1s too symmeztric (cf. be-
low.

The model used in this work 1s the semi-
empirical CNDO,’2 method,” which has permitted
relatively simple analviic expressions for the
gradient eiements.* The program we have geve:-
oped is fullv automatic, using an initial test
structure to get started, and proceeds via a
steepest descent method with a gquadratic acce:-
eratior.>¢

SYMMETRY COORDINATES

We have chosen the most naive methoc of
defining the SC. {. Different definitions were
required for asvmmetric and svmmetnc 1oy
molecuies. l.c. moiecules having no axs. proper
or improper, of oraer greater tnhan two, anc
molecuies having 1ust one such axis. respectivery.
Sphencal tops having several noncoinciaent axes
of order greater than two are treated In a sub
group of iower svmmetry.

For tne asvmmetnc tops, the | are simpiv
iinear combinations of the Cartesian dispiace-
ment coordinates of sets of svmmertncaliv equn -
aient atome. Prorecuion of tne x, 3, anc -
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Geometry Optimuzation Using Svmmetry Coordinates

ble I. The totallv svmmetnc svmmetry coordinate
o7 Acetone.
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coordinates of one 4lom 1n eacn set DV a Drorec-
1107 operator in the totaily svmmetnc irrep gen-
erates ail tr neeaea sC for that set. at most one
totaliv svmmetnc SC 1s generated from each
Cartesian coordinate of anv atom. Tabie 1 shows
tne SC thus generated for acetone.

For svmmetnic top moiecuies. the Cartesian
coordinates are nrst transformed into cviindr-
polar coordinates. The SCs are then the ap-
propnate linear comoinations of the latter. Thus.
for ethane, y. =2, ~ 2.,y =1, -2, -2,

- “an

ane Tosu - 0 - 0 - g - 0 = Lo Note tha
WL TN interman coordinates tor {2 or [, onv
»oATe Tolasiy symmetns

Provisions nave been made within the pro.
JFAUL o treeze certan SO 0@ o allow opumiza-
oD of aniy wetected S

The e of the totaily ~symmetne sC automats

PR - [P EE R S PRI

T Aty cvat ]

SVITIITHe T ,-\UIU;‘.EI\‘ i OUr exDenence currving
S41ONY Ole or More redungant coorGinatles nis not

aOowed convergence.

GRADIENT ALGORITHM

The total electronic energy of 4 moiecule can
De DTOKeR up Mo TWo parts: & part contaimng
lerms eacn of which depends oniy on & singie
JTOIN, ANG anolner part which depends on palrs

o

Sana :arger grounst ol atoms. Within the CNDO 2
anc TNDO Sy approximation:

-_\—v— v‘ .
E= Ly~ E.AH {1l

wnere 4 and B reter to atoms. The first set of
terms 0 eq. (1018 geometry independent. and
hence need not concern us further. The second
set of terms, £, ,. in the CNDO methoas can be
broken up INto three parts:

) Q .~ [ ’ { Y
EAH‘ RAH‘ :an‘ Al T EAU‘ S.m EAU‘ AL \

—E Ry

Here. R, is the interatomic distance, S,, is the
overiap integral between atomic orbpitais p on A
and o on B, and y,, is the semi-empiricaliv
averaged eiectron repuision integral of cNDO. S,
and v,p, of course, themseives are functions of
R .p. With these definitions. the gradient eie-
ments become

5E= < E,

8. = .
O a<y N
Ta B . 5Q
_ v oo B
AT”‘ T T ds.m UR:\H

~ dEL, v _GE
I - .
(H‘.-i.’i Gh‘l[f [YH,\[;J‘

»y © UR'\P aq.,, (2

rv:_,'r. Gmn (1'5":
Here the ¢, , are the three coordinates of the
two atoms A and B. All partial denvatives 1n eq.

21 can be readiiv evaluated analvticaliv.

STEEPEST DESCENT AND QUADRATIC
ACCELERATION

coImnient e g aedtor polniting on the direce
T T Tt SHCTedse of THe energy . T hus

e e iratoon g Hew sIrgoture s des
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{ ~lanaehl D oads allntidl s chiosen step o
s e
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s = K" - angn n
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where (£7© 1s the gradient.

Whenever an optimization is carried out by a
steepest descent method on a function that is
guadratic or neariv quadratic in each of the
independent variables, quadratic acceleration
methods improve the rate of convergence. We
have chosen the method of Fletcher and Powell”
to accelerate convergence. The improved coordi-
nates ¢"°' at the (n = 1ith step are generated
by the recursion relation:

£ =T~ aniHEm

where at the nth iteration the Hessian matnx
H™ 1s an approximation to the inverse of the
matrix G of the Znd-order parual denvatives
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NN

G =

.
The initial matny H' 1= taker as the uni
MATriX. anc SUCCessive approxXimations are gene!
ated DV TNE recursion reiation

- .. ¢ H" - H
H = H o o
Wil o= = H ;' el VU= -

The Uuse 7 e QUAGTETL. dUceeTallen el
assuries e polentia, eherdy  funciioer, o {e

o Ume requent s

QUACTAtIC I eall, 0F the §
statements tnat o e

fings ino the hterature
Tl’!(’:h('d INSUres convergence ir o Caltu.idbage Nyn

per of 1eranions. However, e assumblon of
¢uaaratlic aepenaence 0f tne energy o Yeemen
vanables 18, 8l Dest. 40 apProXimatiorn, anc nence
no statement about the rate of convergence car
be made In genera.. Furthermore, we have en-
countered & number of cases 11 which the at-
proximation o the Hessian matrix 1s 1inadequate.
Such benavior has Deen particulariy frequent
wnen torsional angies were invoived. In sucnh
cases oplimization sometimes converged Mmore
rapidiv by a steepest descent without quadratic
acceierauon. Occasionaliv, the Hessian becomes
non-(positive definite}: 1n that case, quadrauc
acceleration 1s restarted from a unit matnx

for H.

*The 1eration n is rerected.
"Except 1 the first 1teration after an o«

reducuion.

CONVERGENCE

A crucial, but unfortunately difhicult, parame-
ter in obtaining good convergence 1 the step size,
a”. The mmual step size a' must be held guite
small. otherwise probiems 1n the self-consistent-
field (SCF' convergence are freguentiv encour:
terec. However, convergence of the optimizauor.
18 greatly acceieratec DV oconunualbiv Increasing
the slepr slze. Althougn no triny opLmal DETIeTT,
could pe found. we nave Chosen e pater.
snowr, 1z Tatne [0
It miav appear nature and aesirable Wwouse the

ATTHIUAC O Tt cnangs noothe ST Detweer

IS TSRO TRY

SUCCERRIVe JleTETIoNs g e CTterion wnern con-

[0Y

vergency Nas been achievec. However, there 18 ne
SUuaTUnles Thiat GU L OIven DIeliKion Of Cancuianion
S presel Selree Of Prefsionh OF ST cal e achieved
Therelors we ndve cnosen the apsolute magn.-
ae of the maximun, gradient eiement £, af

o

CCTIenIOn. Althougn this madty-

T rnnveroe

varameler. we Nave used

Tude oals wduRlabne

TOT TROST Cacuianons.,

REDUCED S7TMMETRY

A nicated anovey, OPUTLZANION usin; KU carn-

-

1O TedQute the Symmetry below that of the i
Lidl test structure. Te must be true because any
SC thal GIStOrs & Structure 1o one of lower svin-
metry ¢ necessariiv nontowaliv svmmetrnice, and
hence the corresponding gradient element van-
1snes. This s iliustrated in Figure 1.

In oraer 1o cope with thus problem. we have
inciuaed a special program sitep which permits
distortionn of the converged structure In anv
aesired manner by a small but finite amount.
Such distortions must be made according to
chemica! insight inw ilkely structures of the
moiecule. Distortion in the direction of each non-
totally symmetric s¢ is insufficient, at ieast 1in
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Geometry Optirruzation Using Symmetry Coordinates

_COORDINATE

Figure 1.

Saddle point and minimum.

the absence of normal coordinates. If the energy
1s decreased by such a distortion, indicating that
the geometry obtained is a saddle point rather
than a (local) minimum, the optimal geometry
has lower svmmetry, and optimization is reini-
tiated automatically in the distorted symmetry.

RESULTS

The program has been tested on a large variety
of molecules. It is found that the final converged
geometry is independent of the initial test struc-
ture. With a convergence criterion of 0.1 eV /A,
in a series of 6 molecules containing 4 to 10
atoms, bond lengths never deviated from the
average by more than 0.001 A. and bond angies
had an average variation of =0.15°. In some 45
runs, convergence required an average of 12,7
Iterations reducing the energy and 1-2 iterations
which were rejected because the energy in-
creased. The number of iterations appears to be,
because of the quadratic acceleration and the
dynamic variation of step size, nearly indepen-
dent of starting geometry. Typical data are
shown in the Appendix.® The total energy of the
converged structures also was independent of
starting geometry, in each case agreeing to better
than 0.001 eV.

Final ~tructures of the test molecuies trans-

formed 1n vanous e, including €, .,
0

O and
o I some cases. optuimization was imitiated
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from a structure transforming in a subgroup of
the PG of the final structure. In all such cases,
the final structure was the same as when optimi-
zation was initiated in the proper pG. Even the
number of iterations required for convergence
was not significantly affected in this way, al-
though, of course, the computing time was
increased because of the larger number of sC
required.

In the test molecules, converged geometries
agreed with experimental values within an aver-
age of +0.04 A for bond lengths and +3° for
bond angies. This level of agreement, of course,
depends only on the model (CNDO/2) chosen, not
on the optimization method.

Further, less extensive tests have been made
on a large number of molecules in symmetries as
low as C, and as high as D,,.* Convergence in
cyclic molecuies tends to be somewhat slower,
but the final geometries also are independent of
starting ones, and energy constancy was Ob-
served whenever tests were made.

For large molecules, 40-60 atoms. at times
convergence is slow, particularly where, in the
potential surface, narrow troughs exist. Some-
times as many as 50-100 iterations are required
for convergence in these cases.'® A practical mea-
sure that seems to improve efficiency is to alter-
nate between using and not using gquadratic
acceleration every so many (5-10) iterations. This
device reduces the extent of oscillation within
the potential energy trough and so speeds up
convergence.

One of the many useful features that our
CNDO /2 program incorporates is an option allow-
ing for rotation of groups of atoms about desig-
nated bonds prior to geometry optimization. This
has proved particularly useful in the conforma-
tional analysis of several large molecules where
CNDO /2 energies have been calculated as a func-
tion of some rotational angle, E(¢) vs. ¢. Here

the number of iterations needed for optimization
can be reduced significantly for each successive
rotational angle by a judicious choice of initial
geometry. Specifically, since in general geometri-
cal parameters (bond lengths and bond angles)
vary smoothly with changing rotational angle. it
1s advantageous to use the previously converged
{optimized) structural geometry corresponding to
a nearby angle as the initial geometry for a
successive calculation at a new ¢ value, rather
than to repeatedly reinitialize the geometry at
some arbitrary startuny point, In this way. need-
less computational redundancy is obviated.
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Figure 2. Some irrational structures and the corre-
sponding converged geometnes.

The power of the method is also indicated by
experiences with the optimization of some irra-
tional structures which had been generated ex-
clusively to test certain svmmetry routines. In
each case. the optimization converged on a chem-
ically reasonable structure, even if it was neces-
sary to break up the arrayv of atoms into two or
more moiecules. Figure 2 illustrates some rather
astounding examples of such cases. The most
amazing finding, perhaps. is the fact than an scr
calculation with a single Slater determinant con-
verges. both for the ridiculous test structures and
for the converged structures involving several
separated moiecuies in the same determinant.

The tmiprovement of enerds 1 te Irst iteralion
1 sueh Cases sometimes exceeded 1000 ¢\

Tne CNDO, 2 method has trequently been crnt-
cized for giving poor optimized structures.!' Qur
program, which uses this method, obviously can-
not provide results better than the model. How-
ever, in our hands the method has produced
excellent results with a great economy in com-
puting time.
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INTRODUCTION

Quantum wmechanical calculations have been used 1in
extending the understanding of the theoretical basis for
electrical conductivity in certain organic poivmers (1-5).
kecent structural evidence and theoretical calculations
for polyacetyvlene (CH) indicate that the structure of the
polymer chain 1is a ‘key determinant in the resulting
conductivity of the various polvmer/dopant systems (6-8).
Conductivity in such svatems appears to be sensitive to
the degree of conjugation along the chain backbone, which
in  turn is directly related to the degree of chain
planarity (6,8,9). These calculations have also been
useful in designing polymer chains or linkages that may
have potential as conductors or semi-conductors (8,10).
Other conjugated polvmeric svstems hsve been suggested
(6}, including various polyynes (-CzC-X-CzC~) where X may
be & group IV, V or VI element (110 Undoped
organosilizon polyvnes have been shown to possess
resistivities that classify them as organic semiconductors
(123, In the present calculations, the band structure of
(-C=C-5-C=C-) has been 1nvestigated. Due to the
stiffness of the chain and the absence of substituents on
any of the atoms in the chain backbone, there should be a
mimimum of steric conflicts for any conformation. Also,
deviations from planarity can only occur by rotations
about the C-$S single bonds.

for cowparison, calculations have also been carried
oyt on the band structure of carbvne (~CZC-) to assess
the added effect of the sulfur atom on the conjugated
svstem. The calculations have also been extended to
explore the sensitivity of caiculated band gaps to small
changes in the structural geometry cf the unit cell.

THEORY

The band structures of (~CzC-S-Cz(C-) and (-CzC-*

wvere calculated using the tight binding approximation o

the extended Huckel method to obtsmin the delocslized
crvetalline molecular orbitals (.,3). The present
caiculations included all of the valence atomic orbitals
of C, but only the s and p orbitals for S atoms could be
considered. Lattice sums were carried out to second
nearest neighbors. From the calcuisted band structures,
the band gap [ and the band width BW were used to
characterize the® potential conductivity of the polymer
vith reference to similarly caiculated vaiues for trane
(CH) (B). The structural paremeters used for the present
cllcﬁln:xonl on (+CzC-5-C=C-) and (=~CzC-) are given 1n
Table I. The vaiuves for the CzC traple and c-C singie
oond lengths were selected from extensive ab initio
calculations on carbvne (~CzC-) (13). Vaiues for tne (-5
bond length and the C-S-C bond angle wvere selected from
experimental structural data for small wmolecule anaiogs
{(14). In the present caicuistions, the ({(-CzCSCzC-}

cnains were assumed fixed in & pianar zip-zag conformatioh
with respect to tne sequence of rigid (-5C=C-C=C-)
segments.

RESULTS AND DISCUSSION

The calculated band gaps E  and band widths BW for
bath (CzCSCzC) snd (Cz=C) nreg presented 1n Table 11.
Comparing thes? values vith those calculated for trans
(CH)l (E‘ = 0.75 eV, BW = 6.9 eV) (B) suggests tnat

-17-

Table 1. Structural Farameters used for the present
calculations,

(~CZ(-5~C=(-/ (-C2(-
x x
a
bone Lenagths
CzC 1.116 1.116
c-C 1.339 1.339
[o3] 1.685 -
Bond Angleb
c-5-C 106.0° -

a
In units of Angstroms.

hIn units of degrees.

Table 1I. Calculated values of the band gap E_ and band
wideh BW, &

(-C=C-5-CZC-) (-CZC-)
x x
£ 3.2 1.5
g
pwf 0.2 2.3
&

In unite of electron-volts.

neither of these polvmers would approach the electrical
conductivity of trana (CH) . This 18 particuiarly the
case with (-C2CSC2(-) im Zhat the value of Bw 1s very
small, indicating virtually no dispersion of the highest
pccupired valence band. Therefore, 1t is predicted that
this polyvmer chain would benave as an insulator even in
the doped state, particularly given that the pand structure
was caiculated for tne pianar conformation which would
poesess maximuw T overlap. Carbyne (~-C3C-) , nowever, 1»
s fully conjugated linear chain, and its Tower E_ value
would appear to render it better suited as & pctential
electrical conductor or semiconductor. However, it may
be surprising that, compared with the analogous (CH) , (-
CEC-)  pivee a considerably higher £ value and lav:r -1
value” Preliminary studies suggest %n explanstion based
or the nature of the bonds withir the chains.
Specifically, in  calculations on (CK) (8) the
alternating eingle and double bonde were lla}gned lengths
of 1.435 and 1.342 2. respectively. Correspondangly,
the lengths given for the eingle and triple bonas 1n
(-C3C-)_ are 1.339 X and 1.116 K. Hence, the disparity
in lengiha between the two types of bonds is much smaller
it (CHY  [C.09« 2] than 1n (-CZC-) [c.22 XJ, and our
studies ‘on model svatems such as (CWC) , having complete
uniformity in bond ienpths, 1indicate a correspondence
between bond length un:iformity aslong the backbone and

favorable vaiues of E and Bw (15}, 0f course, the
gegree of oond-lengtbg uniformity and the degree of
conjugation within these chains are eseentially

equivaient concepts, heace these results again point to a
correistion between conjugastion along the chain backbone
and conductivity,

.

Coaparison of the calcuiated BY values for (-CiC-) and
(-C2CSC2C-), sugpests that the sddition of the S *atom
grestly affects the conjugation along the chain, and this
agrees with the observation that the more homogeneous the
structure ¢f the chain, the greater the probability of
conductive behavior (6. Certainly, insertion of the §

r'e
ne



atom in the othervise fully conjugated chain disrupts both
homogeneity and the rodlike character. These results on
{-C=2CSC=C-) are disappointing, however, when compared
with the well known conductivity of poly(pnenylene sulfide)
(16). in this connection, the band structures of other
polyynes are under current investigation 1in order to
assess the effect of other heteroatoms within the chain
backbone on conductivity.

The choice of structural parameters (i.e., bond
lengtns and bond angles) is  of necessity somewnat
arbitrary, hence it 1s essential to assess the sensitivity
of our calculated E_ and BW wvales to chaanges in the
structural geometry & the unit cell. The reference
polvmeric syvstem, trans (CH) , and its perfivorinated
analog trans (CF) were used for this purpose. The most
spectacular effect vas obtained by simultaneously
increasing the lengths of the C(=C bonds and decreasing

those of the C-C bonds. For (CPF) in  the trans

conformation, such & modification of only 0.02 K reduced
the value of E_ from C.70 eV to 0.40 eV. This result is
reasonable sirmte such a wodification 18 ctantamount to
incressing the extent of conjugstion along the chain, and
this should translate to lower E  values. In the other
direction, decreasing the C=C bondd anc increasing the C-C
bonds by 0.0 & resulted in an increase in E_ from C.72 eV
to 1.06 eV, In contrast, calculated £ valufs were nearly
insensitive to small (2 2.C°) chang in Dbackbone bond
angies. Thus, these snalvses suggest that conductivity 1is
cirectly and strongly dependent on the degree of
conjugation along the chain backbone, and otner semall
modifications in structure are of reilative:y minor
significance.

REFERENCES

. M. H. whangoo and R. Hof:iman, J. Am. Cher~. b>o:., 100,
6093 (1978).

. S. K. Tripathy, C. Kitcnen, and M, A. Jruv,

Macromolecuies, 16, 190 (1923,

3. D. Bnaumik &nad J. E, Marx, J. Priem. Scoo., Bl
Prws. Ec., 21, 1111 (1983,.

“. 2. L. Breuas, R. Silbey, L. S. Bouareaux, anc¢ k. k.
Chance, <. Am. Chex. boc., 105, 6555 (19£3 ..

5. . L. Bregas, R. R, (nance, R. H. baughman, anc K.
Siivey, . Cnem. Phve,, Tb, 3573 (1982

6. R. K. Baugnman, .. Chance. k.

i.. Breaas, R. K. ..

Zisenbaumer, 4and L. w. Snackierre, Che~. keyv_ B2,
PULTRS 1N

T. R. K. Baugnman, N. S. Murthv, and G. G. Milier, .

Chem. Pnvs., 79, 515 (1983;.

4. K. (. Metzeer and w. J. Welsn, P-ivymer Pruntinrs,
American Chemical Societv, Uivision ol FoLvmer
Cnemistry, 25, 195 (19845,

¥, R C. Wwheiand, J. Am. Chem. Sonc., 98, J9.0 {147s

It. J. L. Breaas and R. H. Baugnman, _. ¥ jvm.
Foivmer Letters Edition, 21, »?75 (198)

‘s 4. leigler, Sandia MNationa. Laboratories, private
communication.

id. C. A. Novikova, Ukrainsxl: Fhimicheski: Inurnal, 39,
12370 (14735,

1J. H. Teramse and 7. Yamabe, Theoret. Chim. Acta. 64, 1

(1983,.

4. D. Den Engelsen, J. Mol. Spectrosc., 30, 483 (1969).

15. J. C. W. Chien, F. E. Karasz, Makromol. Chem., 3,
655 (1982).

16. R. R. Chance, L. W. Shacklette, G. G. Miller, D. M.
Ivory, J. M. Sowa, and R H. Baughman, J. Chem. Soc.
Commun., 347 (1980); J. F. Rabolt, T. C. Clarke, K.
K. Kanazawa, J. R. Reynolds, an¢ G, B. Street, J.
Chem. Soc. Chem. Commun., 348 (1980); T. C. Clarke,
K. K. Kanazawa, V. Y. Lee, J. F. Rabolt, J. R.
Reynolds, and G. B. Street, J. Polym. Sci., Polvm.
Phvs. Ed., 206, 117 (1%982).

ACKNOWLEDCEMENTS

The suthors wish to acknowledge the support provided
for their research by the Plastics lnetitute of America
and by the Air Force Office of Scientific Research (Grant

AFOSR  83-0027, to Professor J. E. Mark (Chemical
Structures Program, Division of Chemical Sciences). We
also wiah to acknowledge several very helpful
conversations with Dr. Jonhn Zeigler of the Sandia

National Laboratories.

e wr—



Elastomeric Properties of Bimodal Networks Prepared by a
Simultaneous Curing-Filling Technique
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If the tetraethylorthosilicate (TEOS) used to end link hy-
droxyl-terminated poly(dimethylsiloxane) chains is present in
excess, there are two effects on the resulting netwaork structure.
First, some of the excess TEOS hvdrolvzes to give in situ
precipitation of reinforcing silica particles. In addition, some
can cause extension of the polvmer chains, particularly of the
shorter chains in the case of a bimodal network. In the present
investigation, the ultimate strength and toughness of such bi-
modal networks was found to go through a maximum with
increase in the amount of excess TEOS used in the curing-

filling procedure.

INTRODUCTION

When an elastomeric network is prepared by
end linking polvmer chains, it is possible to
achieve anv desired distribution of network chain
lengths simply by proper choice of the polymer
chains employed. This technique, for example, has
been used for the preparation of bimodal networks
(1) of verv short and relativelv long chains of
polv(dimethylsiloxane) (PDMS) |—Si(CH;)}.0—].
the end-linking agent being tetraethvlorthosilicate
(TEOS) |Si(OC;Hs),). Such (unfilled) networks
were found to be unusually tough elastomers (1. 2).
Another, much more common, wav of obtaining
toughness is to employ a reinforcing filler, tvpically
silica (Si0y) in the case of PDMS networks (3, 4).
Of interest here is the fact that a technique has now
been developed for the simultaneous curing and
filling of PDMS elastomers (5), the desired in situ
filling being accomplished by the hvdrolysis of
TEOS present in eacess of that required for the
end-linking process.

The present investigation explores one possible
route for preparing PDMS elastomers which are
both bimodal and filled, specifically by the simul-
taneous curing and in situ filling of a bimodal mix-
ture of PDMS chains. Of particular interest are the
ultimate strength and toughness of the resulting
elastomers.

EXPERIMENTAL DETAILS

The two hvdroxyl-terminated PDMS samples em-
ploved were generously provided by the Dow
Corning Corporation, and had number-average mo-
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lecular weights corresponding to 660 and 21.3 X
10° g mol™'. They were mixed to give two batches
in which the short chains were present to the extent
of 94 and 97 mole percent, respectively. Portions
from both of these batches were mixed with TEOS
in amounts characterized by the molar composition
ratio r = [OC,H;s]/|OH]. where the —OC,H; groups
are on the TEOS and the —OH groups appear as
chain ends on the PDMS. Specific values of this
ratio are given in the second column of Table 1.
The catalyst emploved, stannous-2-ethyl-hexan-
oate, was preseni to the extent of 1.0 weight per-
cent of the PDMS. Both series of mixtures of these
components appeared to be perfectly homogene-
ous. They were poured into molds to a depth of 1.0
to 1.5 mm. and the reaction was allowed to proceed
at room temperature for three davs. The water
required for the hydrolvsis of the TEOS was simply
absorbed from the humidity in the air.

The resulting networks were extracted in tetra-
hvdrofuran and toluene in the usual manner (6. 7);
the sol fractions thus obtained were generally small,
as can be seen frem the values given in column
three of Table 1. The densities p of these extracted
materials were determined by pvcnometry. Swell-
ing equilibrium measurements were also carried out
on portions of the extracted samples. Unswollen
portions cut from each network sheet were used in
the elongation experiments carried out to obtain
the stress-strain isotherms at 25°C (2, 6, 7). The
nominal stress was given by f* = f/A*, where f is
the equilibrium elastic force and A® the unde-
formed cross-sectional area, and the reduced stress
or modulus (6-8) by [*] = /*/(a — a~?), where «
= L/L, is the elongation or relative length of the
sample.
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Table 1. Network Charactenstics and Eiastomenc Propertes.

Composition Weight percent $10;
Mole
percent Sol
short traction, (1/A°),. 10°E,°
chains® r percent Vau' pgecm? From Aw Fromp at a’ Nmm™? J mm~?
94 0.52 54 — 0.954 — - 1.3% 2.25 0.653 0418
0.80 45 - 0.957 —_ — 1.21 2.39 203 0.964
1.02 43 0.289 0.959 0.00 0.00 1.29 2.22 2.03 0.800
1.29 47 0.299 0.966 1.97 AR 1.26 210 251 0.851
1.49 48 0.303 0.968 2.70 1.62 1.23 2.06 2.14 0773
1.84 48 0.304 0.973 3.33 2.30 1.24 207 2.93 0888
2.14 44 —_— 0.976 _ 272 1.22 1.96 3.07 0.906
249 51 0.304 0.980 459 3.37 1.23 2.05 375 1.07
2.86 49 0.307 0.981 5.76 3.62 1.19 2.04 4.01 1.14
3.28 4.7 -— 0.988 _ 464 1.21 2.00 444 106
3.56 4.6 0.307 0.996 6.05 5.90 1.18 1.86 3.82 0.780
3.76 4.2 —_ 0.998 — 6.21 1.18 1.80 3.56 0.770
4.03 4.4 0.316 1.005 8.13 7.32 1.15 1.86 3.50 0913
5.00 45 0.321 1.011 9.94 8.17 1.13 1.75 2.65 0.604
97 0.68 6.4 - 0.964 — — 1.21 1.64 0.735 0.176
1.00 6.3 0.321 0.967 n.00 0.00 1.21 1.62 0.934 0.275
140 7.3 0.327 0.979 2.50 1.83 1.19 1.89 276 0.833
1.74 7.2 0.327 0.989 3.20 344 1.16 1.94 416 1.21
2.08 7.4 0.335 0.989 440 3.50 1.16 1.87 373 1.04
2.58 8.2 0.339 0.993 599 410 1.12 1.63 1.91 0483
3.05 88 0.339 1.003 7.08 5.55 11 1.60 2.27 0.505
* Ot motecalar wesght 880 g mol™", In Miztures with long chams having 21.3 x 107 g mo™’,
* Maier compostoan ravo of —OCeHy TEOS proups 1o —OH chemn ends.
‘v r of poly pr st Mg n ot toom
* Elongaton st upturm in modulus.
* Elongation st rupeure.
" gth as d by the sTees 5 Ny
? Energy requered tor nupture.

RESULTS AND DISCUSSION

The swelling equilibrium results indicated strong
reinforcing effects from the precipitated silica. Spe-
cifically, the degree of swelling decreased as the
composition ratio r increased: this is shown in col-
umn four of Table 1. by the increasing values of the
volume fraction v,,., of polymer at swelling equilib-
rium. Also, the densities (given in column five)
increased with increase in r. because of the high
density of silica (~2.6 g cm™) (16) relative to PDMS
{(~0.96 g cm™).

The amounts of Si0O; precipitated were estimated
in two ways. Values obtained from the increase Juw
in weight of polvmer are given in column six of
Table 1. and those from the densities of filled net-
work. polymer. and silica are given in the following
column. The latter values are approximately 20
percent smaller than the former, which indicates
that not all of the TEOS hvdrolvzed is converted
all the wav to pure silica. In anv case. in both series
of networks, the weight of filler does show the
expected increase with increase in r.

Some tvpical stress-strain isotherms, selected
from those obtained from the networks having 94
mole percent short chains, are shown in Fig. 1. This
representation is based on the equation (8, 9)

[f°] = 2C, + 2Csa™ (1)

where 2C, and 2C, are constants. and thus the
reduced stress is plotted against reciprocal elonga-
tion. Increase in the composition ratio r decreases
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the value of o, of the elongation at which the upturn
in | °] becomes discernible, as can be seen from
both the figure and from column eight of Tablc 1.
Increase in r thus gives the expected increase in
amount of precipitated filler, with the associated
upturn in [ f°] occurring at smaller deformations.
This increase in filler content should also cause a
decrease in the elongation a. at rupture. As shown
by the values of a. given in column nine. this is
confirmed by most of the data. The data on the
networks containing 97 mole percent short chains
scatter too badlv to be definitive in this regard.
Figurc 2 shows the data of Fig. 1 plotted 1 such
a wav that the area under each stress-strain curve
corresponds to the energy E, of rupture (2. 10
which is the standard measure of elastomer tough-
ness. Increase in filler content is seen to give sig-
nificant increases in both E, and in the ultimate
strength, as rep-esented by the value ( f/A*), of the
nominal stress at rupture. Values of both quantities
for all of the samples are given in the last two
columns of Table 1. The most extensive set of re-
sults, those for the networks having 94 mole per-
cent of short chains, are also presented as a function
of the composition ratio r in Fig. 3. Both (f/A°),
and E. go through a maximum with increase in
excess TEOS. This could be due to the weight
percent of silica becoming so large as to make the
networks relatively brittle. Alternatively, or in ad-
dition. somie of the excess TEOS could cause chain
extension, which would be particularly serious in
the case of the very short chains, because of their
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Fig 1 The reduced stress shoun in @ function of reciprocal
elongation for typcal networks having 94 mole percent short
chams The results pertamn to 25°C. and each curve is labelied
with its value of the molar composthon ratho r = j—OCHs)/
|—OH| The open arcles locate results gotten using a senes of
mcreasing values of the elongation and the filled circles results
obtamed out of sequence to test for scversibility The short exten-
stons of the lmear portions of the curves. wlach were located by
least-squares analysis. help locate the values a, of the elongation
at which the upturns m | £*] yust become discermible The vertical
dashed lines locate the rupture pomts of the samples
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Fre 2 The nominal stress shoun as a function of elougation for
the same networks chavactenzed in Fig 1 dn this representation,
the area under cacli curmve represents the energy E, requred for
network rupture
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Fig. 3. The effect of the composition ratio on the ultimate strength '
and encrgy for rupture of all of the networks having 94 mole
percent short chains.
os}
very high number density of end groups. Thus, :
excess TEOS can be used to improve the properties |
of bimodal PDMS networks by the in situ precipi- ll
Oar 7 tation of silica but complications, such as the effects ‘
of chain extension, must also be taken into account.
i
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Simultaneous Curing and Filling of Elastomers
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ABSTRACT: A method previously developed for the precipitation of reinforcing silica filler within an already
cured elastomer 1s extended 80 as to permit simultaneous curing and filling. Specifically, tetraethvi orthosilicate
is used to end-link hvdroxvl-terminated chains of polv(dimethyvisiloxane), witr, the excess present being
hvdroivzed to finelv divided Si0.. Increase in the amount of filler thus formed decreases the elongation required
for the desired upturns 1n moduius and increases .ne maximum extensibility, ultimate strength, and energy

required for rupture of the network.

Introduction

Elastomers which cannot readiiv undergo strain-induced
crvstallization are very weak in the unfilled siate.i”*
Networks of poiv(dimethvisiioxane) (PDMS) [-Si(CHj;).-
(O~} are in this category, primarily because of the verv low
melting point '~40 °C)* of this poivmer. As a result. PDMS
elastomers used in most applications are invariably filled
with 2 “high-structure” particulate siiica (Si0,) in order
to improve their mechanical properties.>* The incorpc-
ration of such fillers in PDMS or any high-viscosity
polvmer. however. 1s a difficult. time-consuming, and en-
ergv-intensive process.™* It can aiso cause premature
gelation (“structuring” or “crepe hardening™).* For these
and other reasons,!® it would be advantageous to be abie
either to precipitate reinforcing SiO, into an aireadyv cured
network or to generate it during the curing process. The
first goal was achieved in two earlier studies!®!! in which
tetraethyl orthosilicate (TEQS) [Si(OC,H;),] was hvdro-
lvzed to precipitate the desired SiO, filler into a cross-
linked PDMS network. The present investigation extends
this work so as to permit the simultaneous curing and
filiing of an elastomer material.

Experimental Details

The polymers emploved, two hvdroxyl-terminated PDMS
samples having number-sverage molecuiar weights corresponding
to 1073M,, = 21.3 and 8.00. respectively, were generousiy provided
by Dow Corning Corp. Portions of them were mixed with TEOS
in amounts characterized bv the molar feed ratio r =
[OC,H,]/[OH]. where the OC,H; groups are on the TEQOS and

' Visiting scholar from the Chenguang Institute of Chemical in-
dustry, Sichuan, China.
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the OH groups appear as chain ends on the PDMS. Specific values
of thus ratio, which range upward from 1.0 (stoichiometric baiance),
are given in the third coiumn of Tabie I. The catalvsts emploved.
dibutyltin diacetate and stannous 2-ethy] hexanoate, were present
to 0.6-1.0 and 1.7 wt %, respectively, of the PDMS. Both series
of mixtures of these three components appeared 1o be perfectly
homogeneous. Theyv were poured into molas 1 a depth of 1.0~1.5
mm. and the reaction was aliowed 10 proceed at room temperature
for 3 davs. The water required for the hvdrolvsis of the TEOS
was generallv simply absorbed from the humidity in the air,’* but
In a few test cases, additional liquid water was adaed to the
reaction media.

The resulting networks were extracted in tetrahvdrofuran anc
toiuene 1n the usual manner;'*!* the sol fractions thus obtained
are smali, as can be seen from the values given in column four
of Tabie I. The densities p of these extracted materiais were
determined by pvenometry. Sweliing measurements in benzene
at room temperature were aiso carried out on poruons of the
extracted sampies. Similarly, other unswolien portions were used
in the elongation experiments carried out to obtain the stress-
strain isotherms at 25.°C.1** The nominal stress was given by
f* = f/A®. where { is the eiastic force and A* the undeformed
cruss-sectional area, and the reduced stress or modulus!-!*1% pv
[**] = f*/1a - a™®), where @ = L /L, is the eiongation or relative
length of the sampie.

Resuits and Discussion
The simplest equation for the hydrolvsis of TEOS is

SI(OC:)H:,)‘ + 2HQO i Slo:_\ + 4C?H50H (1)

but the reaction in the presence of the hvdroxyl-terminated
PDMS is probabiy much more complicated, with some
chains bonded to incompletely hvdrolvzed products. In
any case, electron microscopy results'¢ indicate the par-
ticies to be unagglomerated, with an average diameter of

 1GQ4 Aworiran (Chemiral Qnacinty
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Figure 1. Reduced stress shown as a function of reciprocal
eiongation for the first series of SiO.-filled PDMS networks at
25 °C. Each curve is identified by the designation given in columnn
one of Table 1. and the vertical dashed lines locate the rupture
points. The resuits shown in the remaining figures aiso pertain
to this series of networks.
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Figure 2. Weight percent silica precipitated within the PDMS
networks shown as a funcuion of the feed rauo r = {OC.H;}/[OH;,
where the OC,H; groups are on tne tetraethvl orthosilicate and
tne OH groups are at the ends of the potvmer. The open circies
show the results obtained from the change in weight of the
poivmer and the filled circies from the density of the filied
network.

200 A. There was also ample evidence for very strong
reinforcing effects from the precipitated silice. Specifically,
the degree of swelling decreased as the feed ratio r in-
creased; this is shown in column five of Tabie I by the
increasing values of the volume fraction vy, of polvmer at
swelling equilibrium. Also, the densities (given in column
six) increased with increase in r, because of the high
density of silica (~2.6 g cm™)* relative to PDMS (~0.95
g cmm™®). Finally, the networks prepared with an excess of
TEOS (r > 1) have values of the modulus which are much
higher than those of the network prepared using r = 1.0
(curve 1). Typical resuits, for the first series of networks,
are shown in Figure 1. Furthermore, the uptumns in [f*)
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Figure 3. Effect of the feed ratio on the elongation at the initial
upturn in modulus.
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Figure 4. Dependence of the maximum extensibilitv on the feed
ratio.

observed at high elongations clearly demonstrate the de-
sired reinforcing effects.!1011.16

The amounts of Si0, precipitated were estimated in two
ways. Values obtained from the increase Aw in weight of
polvmer are given in column seven of Table 1, and those
from the densities of filled network, polvmer, and silica
are given in the following column. The latter values are
approximately 30% smaller than the former, which is
consistent with the expectation, already mentioned, that
the filier is not entirely pure Si0,. Larger amounts of silica
were precipitated in the case of the shorter chain network
(10-3M\, = 8.00), presumablyv because these networks con-
tained iarger amounts of TEOS. The amounts are rep-
resented relative to the stoichiometrically baianced
amount. and this reference amount is larger for the end-
linking of shorter chains. In both series of networks, the
weight of filler does show the expected increase with in-
crease in r, as in shown in Figure 2.

The values of the elongation a, at which the modulus
increases because of the reinforcing effects are given in
column nine of Table I. They show the expected decrease
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Table I
Preparation and Properties of the Silica-Filled Networks
sol w1 % $10. (f/A*,°  10°E,’
network 10°°M, r fraction Lom' o, g cm™? from du- trom p af a, Nmm? J mm™?
1 21.3 1.0 0.043 0.293 0.955 0.00 0.00 2.68 0.481 0.48%
2 21.3 19.5 0.034 0.319 0.966 2.28 1.80 1.42 3.24 1.25 1.18
3 21.3 39.9 0.033 0.326 0.967 4.56 1.96 1.42 3.31 1.68 1.49
4 21.3 60.4 0.032 0.328 0.987 6.75 5.12 1.37 3.32 2.21 1.93
5 21.3 80.8 0.031 0.334 0.990 8.83 5.59 1.33 3.37 2.59 2.03
6 21.3 101.3 0.030 0.338 0.993 10.83 5.74 1.27 3.54 3.39 2,93
7 21.3 142.2 0.029 0.373 1.010 14.56 8.61 1.25 3.37 3.99 3.73
8 8.00 1.0 0.046 0.324 0.954 0.00 0.00 1.59 0.310 0.120
9 8.00 5.2 0.047 0.363 0.962 1.29 1.16 1.68 1.87 0.507 0.240
10 8.00 10.0 0.047 0.384 0.983 5.02 4.44 1.47 2.05 0.730 0417
11 8.00 20.4 0.050 0.409 1.002 8.31 7.50 1.24 2.49 2.11 1.21

*Feed ratio of OC,H, TEOS groups to OH chain ends. ®Volume fraction of polvmer present at swelling equilibrium in benzene at room

temperature. ¢ Elongation at initial upturn in modulus. ¢Ultimate strength as represented by the nominal stress at rupture. ‘Energy

required for rupture.

)
¢ 50 10C 152
r
Figure 5. Efiect of the feed ratio on the ultimate strength as
characterized by the nominal stress al rupture.

with increase in the amount of silica generated. as is shown
by the typical results presented in Figure 3. Values of the
maximum extensibility or elongation a, at rupture are
given in the foliowing column. Their increase with r, as
shown in Figure 4, cieariv demonstrates the reinforce-
ment-induced improvement in this ultimate property.
Mucn more striking increases are observed for the ultimate
strength. as represented by the nominal stress at rupture.
These results are shown in part in Figure 5 and are tab-
ulated in their entirety in column 11 of Table I. Networks
prepared in contact with excess water were not as strong
as those described in Tabie I The fact that these sampies
were cioudy indicates the presence of unusually large silica
particles, which would be less effective as reinforcing
agents.

Figure 6 shows the data of Figure 1 plotted in such a wayv
that the area under each stress—strain curve corresponds
to the energy E, of rupture,' which is the standard mea-
sure of elastomer toughness. The vaiues of 10°E, for the
two series of networks range from 0.49 and 0.12 J mm™?
{r = 1.0) to0 3.73 and 1.21 J mm™ (r > 1). respectively. The
specific values are given in the last column of Table I, and
typical results are shown as a function of r in Figure 7.
Thus. this reinforcement technique can easily bring about
a tenfold increase in toughness. Furthermore it is achieved
in a manner that avoids the complications of the elaborate
milling techniques usually used to biend an already formed
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Figure 6. Nominal stress shown as a function of elongation for
the same networks characterized in Figure 1. In this repre-
sentation. the area under each curve corresponds to the energy
required for network rupture.
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Figure 7. Effect of the feed ratio on the energy required for
network rupture.

filler into a high molecular weight polyvmer.
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Impact resistance of unifilled and filled bimodal thermosets
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Introduction

Incorporaung very short (non-eiastomeric) chains
in an elastomeric network. therebyv gving a bimodal
letrlDuUOn Of Cnam lCn"tns lS KnO“’n 1o naVC a Slgﬂ”‘
icant toughening effect [l - 3]. (In such networks. the
short chains are thought to Increase the ulumate
strength because of their imited extensibiiity, and the
iong chains to retard the spread of rupture nuciei}. The
present investigauon considers the reiated oossxoum
of incorporaung very long (eiastomeric) chainsin arei-
anveiv brittie thermoset 1n an attempt 0 IMProve its
impact resistance. Bimodal networks of poly(dimeth-
vistoxane) (PDMS) are empioved. botn in the unfilied

saate and arter filiing by the in-situ precipitation (4) of

reinforcing siica particies.

txperimental Details

The rwo poivmers empioved were hvdroxviisilanol-thermina-
tec polviaimetnvisiioxanet cnains (PDMS) naving numper-aver-
age motecuiar weights M, 01 667 gmo’” and 2i.3 x 12 gmo!”’
respecuvesv. Thev were generousiv provided ov tne Dow Corning
Corporauon of Midiand. Mi. Aner carefui erving. these two com-
ponents were mixed to give the compositons listed 1n columns one
anc two of tabie 1. Tnev were tetrafunctionaliv end iinked using
tezrraetnviortnosiicate (TEOS) [S(OC,Hy), ). at room tempera-
rure.in the usuai manner [2, 5]. in briet. the end iinking 1s a conden-
sauon reacuon cataivzed bv stannous-2-ethvi-nexanoate, and was
ahiowed 1o proceed a: room temperature for a totai of 2 gavs. TEOS
present in excess of tne amount required for reaction with the
PDMS end groups is nvdroivzed to reinforcing siiica from the mors-
ture present in tne air. Eiectron microscopy resuits reported eisew-
nere (7) showed such filier paruicies to have an average diameter of
250 A. with aimost ali the parucies in the range 203-320 A. The
amounts of TEOS empioved were characterized by the moiar com-
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posinon rato r = [OC,H()/[OH]}. where the ~ OC,H, proups are
on the TEOS and the — OH groups appear as chain ends on tne
PDMS. Specific vaiues of this ratio are given in the thira coiumn of
table 1. Tne catalvst empioved was present 1o the extent of 1.6 wt &z
of the PDMS.

The resuiting nerworks were extracted in tetrahvdrofuran and
toiuene as descrived eisewnere [2,5, 6. 8]. In the case of the unfilied
networks, the cnanges in weight represent the sol fraction. which
was found to correspond to approximately 5 wit 2. One series of

Tabie 1. Network characterisucs, and stress-strain and 1mpact test
resuits

Short Chnains’ - Wi (HIA )y 1Ly 18Y
Moler  Wrds Filer  Nmm™® /mm™  Jmm™
ooRe 122.2 128 C.568 c.039 joRtond ¢
99 & £33 1.0 2.t C.695 C.068 C.2313

L3 < C.835 c.122 20376
9¢ 3 66.7 .o ol 2774 c.133 C.235%6
i3 1.01 .66 C.C75T
g™z 508 1.0 .0 1.43 C.A97 NED
P 415 1.2] 46!
94,2 333 1.0 L. 2,45 C.963 C.386
25 4 375 1.07 C.A08
9C.8 233 1.0 .l 1.64 2769 2.2
25 25 3.19 1.09 2.394

"Y Having a numper-average moiecuiar weight M, = 667 ¢
moi” ,in mixtures with iong chains having M, = 213 x 1T gmo!™

") Moiar composition rato o0 — OC,H. TEOS groups tc — OH
chain ends.

‘) Uiumate strength, as represented by the nominal stress at
rupture.

) Energy for rupture.

‘) Impact strength.
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unswolien sheets, which were approximateiv | mm thick, were cut
into strips (3 mm wide and 30 mm long): another series, app. xi-
mately 2.5 mm thick. were cutinto circular discs (35 mm diameter).
The strips were used in elongauon measurements carned out to
obtain the stress-strain isotherms at 25°C {2,5,6,8]. The discs
were studied 1n a small-scale instrumented dar impact tester with
an impact durauon ume of approximately 4 msec {9] 1n order to
obtain relauve vaiues of their impact strength.

Results and Discussion

In the case of the filled nerworks, the amount of
silica precipitated from the excess TEOS was obuained
from the increase in weight of the nerworks. The
results are given in column four of the table. The stress-
strain data were analvzed in terms of the nominal stress
f* = {1A" where f is the equilibrium elastic force and A
the undeformed cross- -sectional area, and the reduced
stress or modulus [2,10] [f*] = f*/(a — a™ 7). where &

L(L is the elongation or relauve length of the
sampile. g

The first representation of the data was in terms of
the Moonev-Riviin reiationship. in which the reduced
stress is expected to vary linearly with reciprocal elon-
cation for reiatively small deformations {2,11,12). The
resuits are shown in figure 1. In the case of the unfilled
(U nerworks. the large increases in [f*] at high eionga-
uons are caused bv the limited extensibility of the short
chains {2. 63:1n the filied (F) nerworks. the upturnsare
seen 10 be ennanced bv the reinforcing efect of the
silica particies {4). It is aiso userul to plot the nominal
stress f/A™ directiv against eiongation since the area
under such a curve corresponas to the energy E. of
rupeure. the standard measure of toughness {2.4,6).
Vaiues of f/A™ at rupture and E. are given in columns
nve and six of the tadie.

Resuits from the dart impact tests gave values of the
impact strengtn (/S In units of energy per unit thick-
ness (] mm™'}. Specific vaiues are given in the final
column of the tabie. and both E. and 1S are shown as 2
Tuncton of composiuon In nu"re . There 1s seen to be
2 good correjation berween £. and /S as measures of
1mpact resistance. with both exhibiung a maximum |3}
as the mo! “c of short chains 1s decreased. Incorpora-
uon of -7 mo! ¢ of iong chains Is seen to greatly
increase E. and /S and thus the impact resistance of the

C0% short-chain nerwork. which is verv neariv 2
Dritte thermoset. It 1s Important to note that it 1s essen-
nal that the long chains be imked 1nto the nerwork
structure. Only approximatelv .08 mol % of the jong
chains could be introduced by swelling, because of the
very high crossiink aensity of the 100% shon-chain
nerwerk. Similarly, although it would be possible 10
nave mert long chains present during the end linking

o
™

[f'] (N mm2)

N
—

04}

[eN]

Fig. 1. The reduced stress shown as a funcuon of reciprocal elonga-
von at 25°C. Each curve is labelied with the mol & of short chains
present in the network, and U and F speciry unfilied and filled,
respecuveiv. The open crrcies locate the resuits obtained using a
series of increasing vaiues of the eiongauon &, and filied circies the
results obtained out of sequence to test tor reversibiiiry. The vertical
aasned lines jocate the ruprure poiInts, and the shon extensions of
tne linear poruons oOf the 1s0therms heip iocate the vaiues 01 & at
Which tne upturn 1n [f*] first becomes discernibic

9¢ Qg sl

Mo! % Snort Chains

Fig. 2. The energy for rupture and the impact strength shown as a
funcuion of composition tor the unfilied networks
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procedure, svnerests [13] would almost cerainly
occur, with the long chains being exuded trom the net-
work structure.

Thus, it has been clearly demonstrated that linking
long chains into a thermoset network can greatly
IMPprove 1ts impact resistance.
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Molecular Orbital Conformational Energy Calculations of
the Aromatic Heterocyclic Poly(5,5’-Bibenzoxazole-2,2’-
Diyl-1,4-Phenylene) and Poly(2,5-Benzoxazole)
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Interest in potential high-performance polymers, leading to
characterization and development of the rodlike poly(p-phen-
viene benzobisoxazoles) (PBO) and poly(p-phenylene benzo-
bisthiazoles) (PBT), has recently been extended to a related
group of polymers referred to as AAPBO, ABPBO, AAPBT, and
ABPBT. In this study, geometrv-optimized CNDO/2 malecular
orbital caiculations have been carried out on AAPBO and
ABPBO model compounds to determine conformational ener-
gies as a function of rotation about each type of rotatable bond
within the repeat units. For AAPBO, which contains two types
of rotatable bonds per repeat unit, the bond between the
benzaxazole group and p-phenylene group prefers the coplanar
conformation with a barrier to free rotation of 2.1 kcal mol™!,
while the bond between the benzoxazole groups prefers a
conformation approximately 60 degrees away from coplanarity
with a barrier to coplanarity and to free rotation of 3.6 kcal
mol!~'. For ABPBO, which contains only the former type of
rotatable bond per repeat unit, the coplanar conformations
were preferred with a barrier to free rotation of 1.6 kcal mol™".
These results are in excellent agreement with the results of
both theoretical and experimental studies on the structurally
analogous PBO. They are also consistent with the liquid crvs-
talline behavior found for ABPBO but not for AAPBO.

-21-

INTRODUCTION

he rigid rodlike polymers polyv(p-phenylene

benzobisoxazole) (PB0) (Fig. 1) and poly(p-
phenylene benzobisthiazole) (PBT) belong to a class
of materials known as high-performance polymers
since films and fibers processed from them exhibit
exceptional strength and modulus, thermo-oxida-
tive stability, and resistance to most common sol-
vents (1). In fact, PBO and PBT have been the focus
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of the U.S. Air Force’s “Ordered Polymers™ Pro-
gram aimed at exploiting these characteristics for
aerospace applications (1 to 3). More recently, in-
terest has extended to a related group of polymers,
polv(3,5'-bibenzoxazoie-2.2'-divl-1.4-phenviene)
(AAPBO) und poly(2.5-benzoxazole) (2.5-ABPBO)
and to anaicgues of each containing a sulfur in place
of the oxvgen atom (4). The repeat units are illus-
trated in Figs. 2 and 3, respectively.

Chains such as these should possess at least some

(Y33
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Fig. 1. Illustration of the cis-PBO repeat unit.

Fig. 2. lllustration of the AAPBO chain segment indicating the
rotations ¢, and ¢2 about the two rotatable bonds.

Fig. 3. lllustration of the 2,5-ABPBO chain segment indicating

the rotation ¢ about the one rotatable bond. Numeration of
selected atoms is also indicated.

-
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fiexibility perpendicular to the axial direction as a
result of rotations (indicated by ¢,, ¢z, and ¢’ in
the sketches) about the single bonds joining the
aromatic moieties. In the present study, geometry-
optimized CNDO/2 (Complete Neglect of Differ-
ential Overlap) molecular orbital caiculations (2. 3,
5 to 7) were carried out on AAPBO and 2,5-ABPRO
chain segments to obtain conformational energies
with respect to the rotations indicated in the
sketches. Of particular interest was to determine
the preferred conformations and to assess the extent
of rotational flexibility about these bonds. The re-
sults can be compared with those obtained in similar
studies of the PBO polymers (2, 3, 5).

METHODOLOGY

The theory and methodology of the present cal-
culations are discussed in detail elsewhere (2, 3, 5).
Briefly, the technique involves an iterative scheme
for achieving direct geometry optimization, where-
in the total energy o%the species is calculated using
the CNDO/2 method (6, 7). In all cases, geometry
optimization was obtained after assuming an initial
structural geometry taken from the x-ray crystallo-
graphic studies of Fratini, et al., for the PBO madel

compound (8) and setting the torsional angle ¢
between the planes of the tworing groups (with ¢
= 0° taken as the coplanar form) at a specified,
desired value. Calculations were usually carried out
with ¢ varied in intervals of 20 degrees. Because of
symmetry, scans were necessary only for the ranges
¢ = 0 to 180 degrees, and 0 to 90 degrees. The
conformational energy E associated with a given
angle ¢ was taken as the difference in the CNDO/
2 total energy between that conformation and the
conformation of lowest energy.

RESULTS AND DISCUSSION

Conformational energies E as a function of ¢, and
¢2 in AAPBO are plotted in Figs. 4 and 5, respec-
tively..A broad energy minimum was found in the
region 60° < ¢; < 120° (within the 0 to 180 degree
conformational energy space). On either side of this
minimum the energy rose sharply and continuously,
giving two similar energy maxima of E = 3.6 kcal
mol™" at 0 and 180 degrees. Thus the conforma-
tional energy profile obtained is nearly identical to
that calculated for biphenyl in a similar analvsis (3).
This is reasonable since the two species are struc-
turally similar in the vicinity of the rotatable bond.
The highly repulsive energy associated with the
coplanar conformations can be ascribed primarily
to steric repulsions between ortho-hvdrogens on
adjacent ring systems. Specifically, at ¢; = 0 and
180 degrees these H - - - Hinteraction distances are
1.8 to 1.9 A, which are considerably smaller than

T T T |
AA-PBO, §,
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Fig. 4 Plot of the conformational energy E as o function of
rotation angie o, in AAPBO.

1

AA-PBO, @,

"
¢ . 20 oc €C ac

Fig. 5. Plot of the conformational energy E as a function of
rotation angle ¢, in AAPBO
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Molecular Orbital Conformational Energy Calculations on the Aromatic Heterocyche

the sum (2.60 A) of their van der Waals radii. As
discussed elsewhere (3, 5). the preferences for non-
coplanar conformations calculated for these moie-
ties are consistent with the experimental findings
for biphenyl in the gaseous state (¢ min = 42 degrees)
(9) and in the liquid state (¢ min = 23 degrees) (10).
The structural geometry of AAPBO in the vicinity
of the other rotatable bond is nearly identical to
that found in PBO model compounds, and the re-
sults of both the present calculations and of earlier
calculations on PBO (3, 11) indicate a preference
for the coplanar conformations with a maximum of
E= 2.1 kcal mol™' at ¢, = 90 degrees. These results
also agree with the coplanar conformations ob-
served by x-ray crystallographic analysis for PBO
model compounds in the crystalline state (8).

Values of E versus ¢’ in 2,5-ABPBO are plotted
in Fig. 6. Conformational energy minima were
found at ¢ = 0 and 180 degrees (the coplanar forms)
with a maximum energy E = 1.6 kcal mol™*, located
at ¢" = 90 degrees (the perpendicular form). Cal-
culations carried out on the analogous 2,6-ABPBO
gave nearly identical results. It should be noted that
the absence of exact symmetry in energy profile
about ¢ = 90 degrees, most conspicuous in Fig. 6,
is due to the lack of complete conformational sym-
metry for these species about ¢ = 90 degrees, as
inspection of Fig. 3 will confirm. Again, these results
are in agreement with those obtained from theoret-
ical studies of the structurally analogous PBO pol-
vmer model compounds (3). They are also consist-
ent with the coplanarity or near-coplanarity ob-
served for the PBO model compounds in the crys-
talline state (8).

As discussed in detail elsewhere (11), both the
preference for the coplanar conformations and the
shortness of the C—C rotatable bond (1.45 to 1.47
A) (8. 11) in these species relative to that (1.53 A)
for a typical C—C single bond suggest a consider-
abie degree of conjugation between adjacent ring
svstems in these chains. The vanation in selected
bond lengths and atomic partial charges with ¢
found for 2.5-AAPBO, as indicated in Table 1, cor-
roborates this conclusion. Specifically, with rotation

i i i i v
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Fig 6 Plot of the conformatwnal energy E os o functon of
rotatuon angir ¢ i 2.5-ABPBO
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Table 1. Vanation of Selected Bond Lengths® and Partal
Charges® with Rotation ¢’ in 2,5-ABPBQO. Numeration of Atoms
s o8 Indicated in Fig. 3.

[ 4s5° 90°

Bond Lengths®

Ci12-C14 1.4464 1.4485 1.4510

C15-C16 1.3843 1.3857 1.3868

N11-C12 1.3225 1.3212 1.3194

C12-013 1.3727 1.3715 1.3706
Partal Charges®

N1 -0.309 ~0.312 -0.317

013 -0.293 ~0.291 -0.289

c12 +0.342 +0.349 +0.358

Ci4 =0.027 -~0.021 -0:013

* in wwts of Angstroms.

* i units of recson of an slecron's charge.

away from the coplanar conformation (¢’ = 0 de-
grees) the lengths of bonds C12-C14 and C15-C16
increase while those of bonds N11-C12 and C12-
013 decrease. These changes are exactly as would
be predicted based on the reasonable assumption
that conjugation between adjacent ring systems
should be a maximum near ¢’ = 0 degrees and a
minimum near ¢’ = 90 degrees. This loss in conju-
gation concomitant with rotation is further evi-
denced by the noted changes in the atomic partial
charges, these changes the result of a shift in elec-
tron density from Cl12 and Cl14 (i.e., from the
rotatable bond) to N11 within the ring system.

In summary, the present calculations indicate
preferences for non-planar conformations in
AAPBO and for planar conformations in 2.5-
ABPBO. These conclusions are consistent with the
liquid crystalline behavior observed for 2,5-ABPBO
but not for AAPBO (4).
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Bimodal Networks and Networks Reinforced by the in situ 22-
Precipitation of Silica
James B Mark
Diepartment of { nemustes ani ine Foovmer Kesearch Center Thae Uaneran of Cincinnat Cinceanat, Omio 45221 1 NA
hevwords

The goal of primary interestin these investigations was the development of novel methods for preparing
elastomenc networks having unusually poog ulimate properues The first techmgue emploved mvolves
endunking mixtures of vers short and relatvels iong functionaliv-terminated chains to give bimodal
networas  Such tunfiliedi elastomers show very large increases in reduced stress of modulus at high
eiongations because of the very himited extensibility of the short chains present in the networks The
second techmique emplovs the i suu precypiation of reinforaing sihica either after. during. or before
network lormation The reacuion involves hvdrotvsis of tetraethviorthosiiicate . using a vaniets of cataivsts

maodel networs -
bimodal networas
ultimate rroperties.
network renjorcement,
precimiated sthica,

filier parucle sizes

and precipnianion condions. and the efiectiveness of the techmque 1s gauged hv Stress~sirain measure-
ments carned out 10 vield values of the maximum extensibihty . ulimate strength. and energy ot rupture of
tne filled networks informanion on the filler parucies thus introduced is obisined trom denssiv delermina-

nons, hgh scattenng measurements. and €1ecIron MICTOSCops

1 INTRODUCTION

Preparing an elastomer by enditnking polvmer chains permits
control of the network structure.’* in parucular the network
chawn length distnbution. One important result of this new
svnthetic versatibity 1s the ability to torm bimodal networks
which consist of mixtures of very short and reiauvely iong
cnamns ' Such bimodal eiastomers have been prepared from
polvidimetnvisiloxane) (PDMS) [-Si(CH,1,0-] and found to
have unusually good ultimate propernies. even in the unfilied
state. as 1s documented in the present review. A varnety of
expenimental studies show that this improvement in properties
1s pnmariy due to the verv imited extensibility of the short
chains present in the networks.* This iimited extensibiinty and
1ts effects on elastomenc properues are being investigated
using a non-Gaussian theory of rubber-like elasticity based on
nerwork distnbution funcuions generated from Monte Cario
stmutations utiiising rotatonai isomenc state informauon on
the chans of interest. !

Silica may be prepared by the hvdrolysis
SuOC.Hi= ZH,0——510.+4C.H.OH

ot tetraethviorthosiiicate {TEOS). 1n the presence of any of &
vanetv of catalvsts. There are three tecnmaues by which silica
thus precimitated can be used to reinforce an eiastomernic
matens!. First. an aireadv-cured network. for exampie pre-
pared trom PDMS. mav be swoiien in TEOS and the TEOS
nvarorvsed tn suu " Altlernauvely. hvdroxvi-terminated
PDMS may be muixed with TEOS. which then serves
simultaneous!v to tetrafuncuonally endimk the PDMS into a
nerwork structure and to act as a source of SiO. upon
nvarolvsis.'™* Finalls. TEOS mixed with vinvi-terminated
PDMS can be hyvarolvsed to pive 2 SiO»-filled poivmer capable
o! subsequent endiinking by means of a muitfunctional
suane = Some mechanical properuies of tvpical PDMS
eiastomers reinforced in these ways are descriped. as are
results on the average size size distributnon. and extent of
aggiomeration of the filier parucies **

2 BIMODAL NETWORKS

2.1 Typical experimental resuits
in elongalion measurements. the ejastomenc guantity of pnm-

144

arv interest 1s the reduced stress or modulus®
L= na—a (1)

where f*=f/A* 1s the nominal stress. f the equilibrium elastc
force, A* the undeformed cross-secttonal ares of the sampie,
and a=L/L. the relatve length or elongauon. It 1s generaliy
piotted as a function of reciprocal elongauon as suggested by
the semi-empiricai equation of Mooney and Riviin?-*

[ri=2C.+2Ca™! 2y
where 2C, and 2C. are constants independent of eiongation.

Some tvpical 1sotherms obtained tor bimodal PDMS networxs
are shown m Fig. 1.” Of particular interest here are the large,
reversibie increases in modulus observed at high eiongations.

2.2 Origin of improvement in properties

The observed increases in moduius represent an important
mmprovement 1n the ulimate strength of an eiastiome:. and
their ongin is therefore of considerable interest. A vanery of
expenmental studies**®" are reievant in this regard. Tne
effect of temperature on the stress—strain 1sotherms is of par-
ticular importance with regard to tne possibility of strain-
inguced crvstalissation tn the network. Temneratures were
found to have lituie efiect on the erongation at which tne unturn
in "] becomes discernibie. the eiongation a: runture. and the
magnitude of the increase in [ #*] * These results thus indicate
that the anomalous behaviour 1s not due 1o strain-incuced
crvstaliisauon.

Aiso reievant here are force-temperature (‘tnermoelastic’
results® ¢htainea at eiongations sufficientiv jarge to give large
increases 1n [/°) 10 the stress—stramn 1sotherm Such curves
show no devianions from itneanty which could be attnbuted o
strain-induced  crvstalisation  Simuarly.  tiretningence-
temperature measurements show nn non-iineanty that couid
be attributed to crvstalitsatior.. or 1o other intermolecular
oraenngs of the network chains.

The most striking evidence involves the effect of swelling on
the 1sotherms. Results on unfilied PDMS networks asisillustr-
ated in Fags 2 and 2.° snow that sweliing does not diminish the
upturns 10 modulus and. n fact. frequently enhances them
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a networks contaming Y0 mol S of the short chans: sec icgend to Fig. 2
"‘3,\ 3 (Kepnnted trom ref 9 by courtesy of the Amernican Chemical Sociery
c
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Fig 1 Streseostrain satherms (25C) 1n the Mooney-Riviin representa- Similar resuits are obtained for filled PDMS networks. as

von tor tunfilicd) PDMS mimodal networks in which the short chams have a
number-average moiecular weight of 660 ¢ mo!-". and the iong chains
21.3x M g mo!s T Rach curve s labelied with the mo! % of short chasns
presentin the networa The onen aircies locate the resulis obtained using a
senies of increasing vatues of the cionganon a, and {ilicd circles the results
onlained out o! scquence 1o Test tor reversibiinn. The short extenvions of
tne linear portions of the 1sotnerms help 10caic the vatues o1 @ at which tne
unturn an [0 first becomes anscermibic The inear poruons of the

ROtNETMe were focated by teasi-sauares anaivss. (Kkeprinted tromrefl 6oy
courtesy of Jonn Wuey & Sons. inc.)
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Fig 2 The effect of swelhing on isotherms (25°C) for unswolien and
swolien tunfilled) PDMS bimodai networks (220. 18.5x 10" g mo!-'1 con-
wining BS mo! % of the shon cnains * Each curve 1s labelied with the
volume tracuon . of poiviner present in the network. the diluent was a
lincar DMS oligomer having §-11 repeat umits. (Kepnnted trom ref 9 by
counesv of the Amencan Chemical Soaiety.)
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shown by tne results presented in Fig. 4.

All of the above expenimental resuits indicate that the
increases 1 [f*] are due to an intramolecular effect.
specifically to the imited extenstbility of the very short net-
work chains * 11-1h ¥

2.3 Theoretical interpretation

Since the above results demonstrate that the upturns< in
modulus are due to himited chamn extensibiity, 1t becomes
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Fig ¢ The efiect of swelling on isotherms for tume sihica-filied modal
networks of PDMS (B6C. 2. Ax 1(+ g mo!*'11n tne unswolien (U1 state and
swolien (St with a-nexadecane 10 +.=(.2 '* Tne numbers specity the mo! %
of short chains present in the network. Fumetd) siitca reters 10 a commer-
cal grade precimitated from the vapour pnase (kepnnted trom ref 10 by
courtesy of John Wilev & Sons. inc )
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Fig & lsotherms tor a (unmodal unswolien) PDMS elasiomer
(R {10V g mol-*) which was silica-remiorced by hvdroivsis of tctra-
ethviortnosilicate {TEOS) present as diluentin the neiwork " The reaction
was carned oul at S3% relainve humidity . and each curve 1s labelied with the
reaction ume (Reprinted trom ref 17 by courtess of Dr Ductnich
Stemnkopfl Veriag )

important 1o nterpret them in terms of a non-Gaussian theory
of rubber-like eiasticity. A recent novel approach'''* to this
problem utiiises the wealth of information which rotanional
1someric state theory™ provides on the spatial configurations of
chain moiecules. Specifically . Monte Carlo caiculations based
on the rotauional 1somenc state approximanion are used to
simulate spatial configuratons. and thus distribution functions
for the end-to-end separaton of the chains * These distribu-
non functions are used 1n place of the Gaussian function in the
standard three-chain nerwork mode!* in the affine hmit to pive
amosecular theory of rubber-hike eiasticity which is very usefu!
for tne interpretation of elastomernc properues at nigh
eiongations.
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Fig ¢ The nominai stress shown as a function of elongation for the same
networks charactensed 1n Fig. S " In 1his representation. the area unaer
cach curve represents the energs E. required lor network ruplure
(Repnnted from ref. 17 by countesy of Dr. Dietnch Steinkoptf Veriag. )
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3 NETWORKS REINFORCED BY IV SITU
PRECIPITATION OF SILICA

3.1 After crosshinking

Figures 5 and 6 show tvpical giongatuon isotherms obtained tor
PDMS networks remtorced by awelung with TEOS which was
subseguentiy hvdrabvsed in st to give siiicy filler particies
Increase In redction ime is seen o Increase the amount of flier
precipitated. as evidenced by increases in moduii.in upturnsn
moduli. and 1n toughness

3.2 During crosslinking

It would of course be advantageous f the tn siu precipitation
could be camed out simuttaneousiv with the cunng reacnon
Filied PDMS networks have in fact been prepared in this way .
using hvdroxyl-terminated chains and sufficient TEOS tor
both the endhinking process and the hvdroivsis reaction 1o torm
the filler. Isotherms obtained for some of these networks are
shown n Fig. 7. Again. very good reinforcement 1s seen to
occur.

In the expenments cited.* the rato r of TEOS ethoxy groups
to PDMS hvdroxyvi end groups. a measure of the excess TEOS
available for hvdrolvsis. ranged from | (110 150. The eftect of
this vanabie on the weaght S filler precipitated s shown in Fig
& ¥ Esumates obtained from the densities of polvmer, siici.
and filled network are seen 10 be smaller than those obtained
directiy from the increase in weight of the networh This tnds-
cates that either the filier particies have not been compieteis
converted to sihca OF the particies contain @ signiticant number

1 S 4
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E
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ce} 4
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Fig 7 lsotnerms for PDMS neiworks prepared wung TEQS o
simultancousiv enditnk hvaroxvl-ierminated chains (21 3% 10 ¢ mol )
and to provige filier upon 1ts Mvaroivsis ® For samo s i-7, the filier thus
Incorporatec amounted 10 U U, 2,25 4.5 .6 75 K83 10aand 14 o wt &,
respectivenn  Addinonal informaiion on these sampies 1s given In Fags &
and ¥ (Keprinted trom ref. 20 by courtesy of the Amencan Cnemical
Sociens. }
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Fig ¢ Thewt & filicr precimtated within the PDMS nctworks shown as a
tunction of the teed rauo 7= |OC.H,) TOH; where the -OC,H. groups arc
on tne TEOS and tne -OH groups are on the ends of the potvmer ® The
open CHTIEs Show (ne fesuits oblaned Lrom the change 10 weight of the
ponmes and the filied Sircies trom tne demsiny of tne filicd nerwork See
iepend 1o Fig (kepnnted trom el 20 by courtess of 1he AmCrican
Chemical Soarets
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Fig ¢« The efiect 0! the teeC rano on the energs TeQuUIred 1or NEtwOrs
rupiure © See icgena to Fig T (hepnnied trom re! 21 by counesy of the
Amencan Chemical Society .

o* vords *“ In anv case. Increase tn r increases the amount of
filier introgucec and. as snown in Fig Y > increases eiastomer
tougnness (as measured by tne energs £, required for rupture |

3.2 Belore crosslinking

in the above in suu’ technigues. removal of the byproduct
C.H.OH and unreacted TEOS causes a significant decrease in
voiume. wnich could be disadvantageous in some appiicaiions

For this reason a tecnnmique was developed for the precipitaion
of the siiica into samples of PDMS to give stabie polvmer-filier
suspensions which remained canabie of being endiinked, sub-
sequently. with no substantial changes 1n voiume.

BRITISH POLYMER JOURNAL, VOL. 17, NO. 2 1985

Inbnef. TFOS was added to vimvi-termimated PDAMS anc then
hvdraivaed to give poivmer-filier suspensions which shawed ne
ugns of particle agelomeration or setting After arvng tne
VINCOU Niguids couid be endunked with a multitunctionar siane
to give filled elastomers With very good mechanical properties

3.4 Charucterisation of the filler particies

Transmission electron microscopy'’ and hght scattering
measurements™ are being used to study the filier particies. As
illustration. an electron micrograph tor a PDMS elastomer in
which TEQS had been hvdroivsed is shownin Fig 107" The
existence of filler paruicies in the network. orngmaliy
hypothesised on the basis of mechanical properties. '™ 1s clearis
confirmed The parucles have average diameters of approx-
ymatehy 250 A. which 1s 1n the range of parucie sizes of fibiers
typically introduced inte polymers in the usual biending
techniques. The distribuuion of sizes 15 relatively parrow . with
most values of the diameter falhing 1n the range 200-300 A

Fig 10 Transmission clectron microgranh at a magnification of 1 1XK0x
tor an 1n suw hlled PDMS network contaimng 34 4 wt & fiier ** Theiength
of the bar corresponds 10 1000 A (keprinted trom ref 22 by couness of
Joan Wuev & Sons. Inc )

Most strikingly. there 1s virtualiy none of the aggrepation of

parucies essenually invanabiyv present in the usuat tvpes of
filled eiastomers. Theretore. tnese matenals sthould e
extremeiv useful tn cnaractensing the eftects of agpregation.
and could be of consiaerabie pracucal importance as welt
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Effects of a Magnetic Field Applied during the Curing of a
Polymer Loaded with Magnetic Filler

INTRODUCTION

The eﬂ'ec_u of finely divided filiers on the properties of a crosslinked elcstomer have been
studied in extenso from many points of view. Of particular interest, of course, is the marked
improvement in mechanical properties frequently provided by certain fillers. In such filled
systems, anisotropy of mechanical properties can arise if the filler particies or their agglom-
erntes are asymmetric, since they are then oriented as a result of the flow of the uncrosslinked
mix during the mechanical operations of forming (calendering, extrusion. drawing. or molding).
In fact, fibrous fillers are often used for the express purpose of introducing mechanical an-
isotropy.

Rigbi and Jilken! studied the effects of a magnetic field on the behavior of rubber filled
with a ferrite powder and cured in the field-free state. Since the fernte was randomliy dis-
tributed within the matrix, no directional effects were observed, nor were they expected.
Goldberg, Hansford. and van Heerden? observed linear polarization of transmitted light by
an aqueous ferrofluid® between two microscope slides, and showed that the particles of ferrite
in the ferrofluid (frozen while in a magnetic field) were aligned in necklacelike formations,
as predicted by de Gennes and Pincus.?

This preliminary report describes a first attempt at obtaining alignment of essentially
spherical filler particles, to give anisotropy of mechanical properties similar to that obtained
in the case of fibrous fillers.

EXPERIMENTAL

The filler emploved was an extremely fine commercial magnetic powder (MG-110 Magnagio,
provably a magnesium ferrite with very little residual magnetism, produced by the Magnaflux
Corp.. Chicago). The particles are very nearly sphencal. with an average diameter of approx-
imately 10 um. in a preliminary experiment. this magnetic filler was mixed into a low-viscosity
poivdimethyisiloxane (PDMS) having a number-average moiecuiar weight of 10-3M, = 13.0
g mol-', and the mixture was poured into an aluminum mold placed between the poles of a
permanent Alnico magnet having a field strength of about 580 G. The particies readiiy mi-
grated toward the pc -~ of the magnet. This demonstrated that the field would be capabie of
orienting the particies 1n a higher-molecular-weight polvmer of sufficiently high viscosity to
restrict migration of the particies during the crosslinking procedure. Such a poivmer, having
a molecular weight of 10-3M, = 266 g mol-', was generously provided by Dr. C. L. Lee of tne
Dow-Corning Corporation. A soiution of the poiymer in ethyl acetate was prepared. and the
MG-410 powaer was well mixed into it with a suitable amount (1.3 wt %) of benzoyl peroxide.
The solution was poured into shallow trays. allowed to dry in air, and then finally subjected
to vacuum for 4 h o eliminate any traces of solvent. The mastic obtained was cured in an
aluminum mold in a press at 140°C for 20 min. and then at 180°C for another hour. all the
time in the magnetic fiald supplied by the permanent magnet described. No postcuning treat-
ment was given. The final product contained about 31.5% by weight of magnetic filler. cai-
culated on the basis of the solid components of the soiutions. This corresponds to roughly 6%
by volume. The cured sheet was allowed to rest for 7 davs. after which rectangular strnips were
cut put paraliel and perpendicular to the vector of the magnetic field. Some of these were
used in equilibrium swelling studies, and others in elongation measurements.

In the swelling test,’ benzene was used as the solvent. at room temperature, and the increases
1n sampie length as well as in weight were recorded.

* Stable suspension of magnetic powder in a liquid carrer. Such materials are produced.
for example. by Ferrofiuidics Corp.. Nashua, NH.

Journal of Polymer Science: Polymer Physics Edition, Vol. 23, 1267-1269 (1985)
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1268 RIGBI AND MARK
TABLE 1
Swelling Equilibrium and Stress-Strain Results

Strip length Swelling equilibrium® Elongation moduli® (N mm-3)

reiative to
magnetic field W/W, L/L, ()@ = 1.1 a8
Parallel 2.58 1.35 0.61 0.98
Perpendicular 2.44 1.25 0.15 0.28

* Reiative increases in weight and length of strips.
* Values of the reduced stress at an elongation of 109, and at the maximum.

Stress-straun curves were obtained at 26°C using techniques described elsewhere.** The
strips had a cross-sectional area A* of about 8 mm? and a gauge length of about 14 mm, with
atout 22 mm between the grips. Samples were held in the grips between two thin rubber
sheets to minimize shippage. Preliminary investigation showed that considerable relaxation
was 10 be expecied under tension. It was therefore decided to extend the strips in steps. each
within 15 s of the previous step. and to read the force two minutes later. In this way, the data
obtained for the two specimens would be directly comparable.

RESULTS AND DISCUSSION

The results of the swelling tests are presented 1n columns 2 and 3 of Table 1. The overall
degree of swelling 15 given by the relative incresse 1n weight W/W_ Within experimental
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Fig. 1. Reduced stress shown as a function of reciprocal elongation for filled elastomeric
strips cut paraliel and perpendicular to the magnetic field imposed during curing. * On leave from
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L/L, seems to be larger for the strip cut paraliel to the magnetic field, but the difference is
small, presumably because of solvent-induced debonding at the filler/matrix interface.” In any
case, if it is real, the larger increase in iength for the parallel-cut strip could be explained by
the smaller projected area of the filler particies in relation to the projected area of matrix
in that direction.

The stress—strain data were treated in terms of the reduced stress® (/) = f/A%a — a-?%),
where fis the elastic force, A® is the undeformed cross-eectional area, and a = L/L, is the
relative length or elongation. Values are shown as a function of reciprocal elongation in Figure
1. The isotherms are seen to be very different from those usually obtained, which aimost
invariably have a constant, positive slope in the region of low to moderate elongation.*!° The
results obtained from the present sampies thus represent very interesting departures from
the usual behavior of elastomers. filled or unfilled.!® Values of the reduced stress at a = 1.10
and its maximum value for the two samples are given in the last two columns of Table I.
They show the highly anisotropic nature of the reinforcement obuained in the presence of the
magnetic field. For example, the maximum value of [/°] for the strip cut parallel wo the field
exceeds the corresponding value for the perpendicular strip by a factor of more than 2!

The results achieved show that even spherical filler particies can be aligned within an
elastomeric material, with reinforcement that is imporiant because of its magnitude and
interesting because of its anisotropy.

It is a pleasure to acknowledge the financial support provided to one of us (J. E. M.) by the
National Science Foundation through Grant No. DMR 79-18903-03 (Polvmer Program, Division
of Materials Research), and by the Air Force Office of Scientific Research through Grant No.
AFOSR 83-0027 (Chemical Structures Program, Division of Chemica! Sciences..
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Reinforcing Fillers

Hydrolysis of Several Ethylethoxysilanes to Yield
Deformable Filler Particies

Y.-P. Ning. Z Rigbi*, and J.E Mark

Department of Chemistry and the Polymer Research Certer, The University of Cincinnati,
Cinannati, Qhio 45221, USA

Sumsrvy
Ei- 194

A technique is devised for incorporating organic groups in filler
particles, thus giving them some deformability. Hoped-for increases in
toughness were not obtained, presumably because of replacexent of some
surface silanol groups by less reactive organic groups, thus decreasing
£iller-matrix bonding and elastomer reiznforcemen:.

s VS.

Iazroduczion

A series of recent experimental ipves:tigations (1-9) has focused on
s on the the hydrolysis of tetraethoxysilane ({(TE0S) [Si(OC,E.),] to give £iller
:-3), the particles capable of ceinforcing elastomeric networksi "The reactions a<e
-vides typically cacried out within & TEOS-swollen network of poly(éimetnrisile-
© labile xane) (TOMS) #d vield essentially unzgglomerated particles with
.y shown éimmeters of 150-250 £ (7). The reizfcreing effects of these filless
. have been clearly demonstrated by measuremes:ts of stress-sirain iscthesms
in elongzzion (1-5,E,9), and by falling-dart impact tests (6).

Iz Is conceivable that the reicforcing eflect could be ezhanced if
the Ziller particles could be given some degree of delermability cr
A DE tougmness. T=zis cenld be accomplisbed by the rezeztion of crzazic grouss
financial in zae particles, for exzzple by including some silanes of the trpe
(C.2.), _Si(0C.B.)_ in cthe hycrolrsis rcezcziom. Cf prizacy izteres:t
woil2 “Pe byrdivsis of wmixzures of TEOS with silzmes of lover
fencriczalicy (x = 3 ead 2). It wocld be hoped riat the effects of the
pazzicle defermadbility tros obtained wotld predominsie over zhe effects
_81) and of the diminished fillez-70¥S bon.dizxg czused by the decreased nu=dber of
sila=ol groups on the particle suriaces.
ci.Ches., “he rresent study addresses these cuestions, using the hrirolrsis of
TICs, C.E Si(OC.,E,:)s, (C_E(),Si(OC,E§),., and  wixtcres thereof.
sublica- Meascreme=t¢ cf tBe”elomgaticdn =dduli dAnd Tl:imate properties of zhe PDMS
nezworiks filied in this way are used to evaiuate the efiectivesess of the
reizfcrcerent obtained,

Some Zxpe-ime=:zal Dezails

2olym, . . . . e
The getwc-k was prepared from vizvl-termircated polv(dizethrisilic-

zane (PD¥S) chains obtained froc the MeGbhan KuSil Corporation; they had a
publica~

* On ieave from the Technion-srael Institute of Technology
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Precipitation of Reinforcing Filler Into Polvdimethyvisiloxane Prior
to Its End Linking Into Elastomeric Networks

INTRODUCTION

Particulate fillers having high surface area are much used for the reinforcement of elas-
tomers, a classic example being the addition of carbon black to natural rubber.! Another
equally important example is the addition of silica (Si0,) to polydimethvlsiloxane (PDMS)
{—Si(CH,); O—1** which would otherwise yield elastomers much too weak for most appli-
cations. ¢

Such fillers are generally blended into the (uncrosslinked) polymers, which are invariably
of sufficiently high molecular weight (and viscosity! to greatly comphicate the mixing process.
For this and other reasons.® methods were recentiy developed for either precipitating silica
o aiready-formed networks, or precipitating it simultaneously with the curing process &-*
The reaction is the simple, catalvzed hydrolysis of tetraethviorthosiiicate (TEQS!

SiOCH,), + 2H,0 - Si0, + 4C,H,OH (1

In this «r s1tu technigue, however, removal of the byproduct C,H.OH and unreacted TEOS
causes a significant decrease in voiume. which could be disadvantageous in some applications

The present investigation was undertaken to determine a practical way to avoid this dif-
ficulty. The specific goal was the precipitation of the silica 1nto sampies of PDMS to give stable
polymer-filier suspensions which remained capable of being end linked. subsequentiy, with
no substantial changes in volume.

EXPERIMENTAL

Although bath hvdroxvl-terminated and vinyvl-terminated PDMS have been end-linked into
highly eiastomernic networks. oniy the iatter could be used 1n this stuay since the former reacts
with TEOS.® The two vinyvl-terminatec poivmers chosen hac number-average moiecuiar
weights of 5.5 X 10¢ and 13.0 x 10° g mo!-’. and were provided by the McGhan NuSil Corp.
The cataiysts® tested were sodium hydroxioe. acetic acic. zinc acetawe. ethviamine. triethvi-
amine. and EDTA tethylene diamine tetraacetic acid trisodium salt monohvdrate!. Tne TEQS
to be hyvaroivzed w filier was obtained from the Fisher Co.. and ali reacuions were run at room
temperature.

Preliminary studies conducted in agueous solutions were unsuccessful. and those carned
out using the water vapor present in the air were only partialiv successful. The best results
were obtained as foliows. Weighed amounts of the PDMS and TEOS. a small amount of the
cataivst stannous-Z-ethy! hexanoate. and a magnetic strming bar were piaced inw a small
peaker which was then piaced (uncovered) into a iarger covered jar containing a 2-5 wt G
aqueous solution of ethyiamine. In the case of the second poivmer. a proteci:ve atmosphere
of mitrogen was aiso emploved. Tne stirred PDMS-TEOS mixtures were thus continuousiy
exposed 1o water ~ethyiamine vapor. Sufficien: filier was precipitated by this technigue for
the mixture o become cloudy after only 15 min. The reaction  was aliowed 1o proceed fnr 2
aavs at room temperature.

The polvmer-filier suspensions prepared in this way were dried under vacuum for several
davs: thev showed no signs of particie agglomeration or settiing. The resulting viscous hquids
were weighed and then end-linked! with Si[OSi(CH,),H),. using chioroplatinic acid as cataivst
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Copn I A samuie ot eacnh of the Uunlhied poivmers was inciuded for purposes of comparisor:
Thieme  aclicNs Were aisc FUL &L TOOm lemperature. for a period of ©-3 gavs

Fortions 0! each of the networks were used 1N elongation experiments o obtain the stress-
strair: inotherms at 25°C 41" The eiastomeric properties of primary interest were the nominal
streas *° = f A° (where [ 15 the equilibrium eiastic force and A° the undeformed cross-
sectionai aren and tne reduced siress or modulusi* ' [f*] = f*/ta ~ a-% (wherea = L 'L,
18 the eiongation or reiative iength of the strips:. All stress~strain measuremenis were carried
out w the rupture points of the sampies, and were generally repeated 1n part W test for
reprogucibiiity

e

RESULTS AND DISCUSSION

The amounts of filler precipitated into the two polymers were obtained directly from the
measured increases in weight. For the two sampies of the lower molecular weight poiymer
tne amounts were 3.3 and 10.2 wt S, and for the otner 29.7 and 62.0 wt & These vaiues were
actually somewnat iarger tnan expected from compiete hvarolvsis of the TEOS. indicating
tnat some OC,H, groups may remain 1n the filier or water moiecuies may be apsorbed ontw
tne filier surfaces.

Thne stress-strain 1s0therms obtained are presented 1n Figure 1. The data are shown in the
usual way.!* as the depencence of the reauced stress on reciprocal eiongation. As 1s frequentiy
the case for filled elastomers,'-* some of the 180therms did not exhibit compiete reversibility
In any case. the presence and efficacy of the filler are demonstrated by tne marked increases
1n modutus. In tne case of the higher moiecular weight poivmer, the increases are iarger, with

ak

{ marked upturns at the higner elongauions. This 15 due Lo the iarger amounts of filier these
sampies contain, and possibiy ai8o 1o more reactive particie surfaces (since these precipitations
[ were carried out under nitrogen:
-
P
; ;
o~ o€ . —
_ }-r\ 10.2 !
= ) ~
= Atpy oo
= SR OO e
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Fig. 1. The reduced siress shown as a function of reciprocal eiongation for the two seties
of fihed PDMS networks at 25°C. The circies jocate results obtained using poivmer having a
motecular weight of 5.5 x 1(® g mol-, and the triangies a moiecuiar weight of 13.0 » 10
Filied svinpols are for resuits obtained out of sequence o test for reversibihity, and each cvrve
1s labelied with the wt % of filier present in tne network. The verucal dashed lines jocate the
rupture points
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Fig. 2. The nominal stress shown as a function of elongation for the same networks
characterized in Figure 1. In this representation, the area under each curve corresponds to
the energy required for network rupture.

Figure 2 shows the data of Figure 1 plotted in such a way that the area under each strese—
strain curve corresponds to the energy E. of rupture.!® which 18 the stanaard measure of
¢ ....mer toughness. 1t 15 seen that this simple technigue can easily increase the toughness
of an eiastomer by & factor of 2 and could therefore pe of consiaerabie practical importance

CONCLUSIONS

Previous methods deveioped to precipitate reinforcing silica either inw alreadv-formed elas-
1omeric NEtWOrks Or GUrIng the Curing process are extenaed to permil precipitation inw a
polymer prior W 1ts crossiinking. This modification avolas significant changes in volume auring
or after curing wnich couid be disadvantageous 1n some Applications.

t 1s & pleasure to acknowiedge the financial support provided by the National Science
Foundatior. through Gran: DMR 78.18903-03 (Poivmers Program. Division of Matenais Ke-
search' and by tne A1lr Force Office of Scientific Research through Grant AFQOSR 83-0027
(Cnemical Structures Program. Division of Chemical Sciences'.
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Molecular Aspects of Rubberlike Elasticity
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The elasticity associated with rubberlike materials is
very different from that exhibited by atomic or iow
molecular weight substances such as metals, crystals,
and glasses.’™ In particuiar, the extensibility of
“elastomers” is much higher, frequentiy amounting to
well over 1000% . Most strikingly, such high deforma-
tions are generallv completely recoverabie. The way
this recoverability is achieved, however, is the main
source of the problems encountered in characterizing
rubberlike materials and in developing useful struc-
ture-property reiationships.4

Specifically. etastomers consist of polvmer chains and
the extraordinarilyv large numbers of spatial arrange-
ments such molecules can exhibit is the origin of their
very high extensibility.!® Achieving recoverability re-
quires preventing the chains from irreversibility sliding
by one another, and this is accomplished by joining
different chains with “cross-links”, as is iliustrated in
Figure 1.* Relatively few are required, with a typical
degree of cross-linking involving onlv one skeletal atom
out of approximately 200. The techniques generally
used to introduce cross-links are peroxide thermolyvsis,
high-energy irradiation, and sulfur addition to skeietal
or side-chain unsaturation.! All are statistical processes,
and the number of cross-links thus introduced and their
placements along the chains are uncontrolied and es-
sentially unknown. Furthermore, their introduction
into the material makes it intractable in that it is no
longer soluble in any solvent. The numerous standard
characterization techniques based on measurements on
isolated chains in solution® are therefore categorically

A bographical sxetch of the author was published earker. In Acc. Chem
Res 1874, 7, 218, anc 1978, 12. 49. He is spendmg the 1985~ 1986 aca-
dermic yaar at the 1BM Fesasrch Laboratory in San Jose, CA.

0001-4842/85/0118-0202801.50/0

inapplicable. Thus, the veryv process of forming the
required network structure thwarts its characterization.
1t is the lack of reliable structural information that is
the probiem in obtaining structure-property relation-
ships in the area of rubberlike elasticity.

Now, however, it is possible to prepare “mode!”
elastomeric networks,*?* which are materials prepared
in a wayv that provides independent information on their
structures. An important exampie is reaction 1 in which

HOWAG DawOH
N

/ \M
H{rAAD O

OR«~0H represents a hvdroxvl-terminated chain of
poiv(dimethyisiioxene) (PDMS) {-Si{CH;),0-1.1 In
this approach. some solution characterization technigue
such as gel permeation chromatograpny is first used w
obtain the number-average molecuiar weight M, of the
uncross-linked chains and the distribution about this
average. Then carrving out the above reaction so as to

GHDAMADH + S{OEY,, — ~ 4E10H (1)

(1) Fiory. P.J. “Principles of Poivmer Cnemustry™; Cornell University
Press: lthaca, NY. 1950

(2) Treioaz. L. R. G. “The Phweics of Rubber Eiasticity™, 3rd ed.;
Ciarenaon Freas: Cxiord, 1975.

(3) Matk. J. E. J. Cnem. Educ. 1981, 58. 898.

(4) Mark, J. E. Makromol. Chem. Supp!. 1979, 2, 87.

(5) Mark. J. E. Pure Appl. Crem. 1981, 53, 1495.

(6) Mark, J. E. Kubber Cnem. Tecnnol. 1981, 54, 803,

(7) Mark, J. E. Adc, Poivm. Sci. 1982, 44, L

(8) Mark. J. E. In "Eiastomers and Rubber Eiasticity™: Mark. J. E,,
Lal, J., Eds.: Amenican Chemical Sociery: Weshungion, DC, 1982

{9) Mark, J. E. Poivm. J. (Tokvo) 1985, 7, 265.

(10) Mark. J. E. Br. Polvm. J. 1985, 17. 144,

(11) Mark, J. E.: Sulhivan, J. L. J. Chem. Phyvs. 1877, 66. 1006.

(12) Lioreste, M. A.; Mark. J. E. Macromoiecules 1980, 13, 651.

(13) Jang. ©.-Y.; Mark, J. E.; Chang, V. 8. C.; kenneay, J. P. Poivm.
Bull. 1984, 17, 319.

(14) Brotzman, R. W.; Fiory, P. J., manuscript in preparation.

(15) Ning. Y.-P.; Mark, J. E.; lwamoto, N.; Eichinger, B. E. Macro-
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Figure 1. A typical tetrafunctional elastomeric network, with
tne filled circies representing the cross-links.

exhaustively react all the hvdroxyl groups vields a
tetrafunctional network in which the verv important
molecular weight M. between cross-links is M,. Also,
the distribution of M, is the same as that of M, and
the functionality ¢ of a cross-link (the number of chamns
attached to it) is simply the functionality of the end-
linking agent. Network functionalities other than four
can be obtained by using vinyl-terminated chains with
a multifunctional siiane.’* For exampie, reaction 2, can

13

i

MK H lg ig ig
be used to form a hexafunctional PDMS network.
These and simiiar reactions. on side groups as well as
chain ends, have now been used 1o prepare model
networks from & variety of polvmers including poiv-
isobutyviene,® cis-1.4-polvbutadiene, }* polvoxides (end
linked into polvurethanes with triisocvanates).f and
polvmers containing acetyiacetonate (acac) side groups
chelation cross-linked with metal atoms teq 3).1* The

AAAAAAANAAAAAADAAAA
acal acac

2 MAAAMANAAAAY o 2PglT e Pl P (3
Qcac acac acac acac

use of such materiais of known structure in the eluci-
dation of molecular aspects of rubberlinke elasticity is
the main theme of the present review.

A second area has a similar purpose, but with regard
10 much more complex eiastomeric materials. In most
applications, elastomers are filled with particulate
substances of high surface area in order to improve their
strength and other mechanical properties.’®17 Such
reinforcing fillers have invariably been introduced by
blending them into the polvmer prior to its being
cross-linked. Obtaining uniform dispersions is exceed-
ingly difficult, particularly since the fillers are generally
highly agglomerated, the polymer is invariablv of very
high viscosity, and premature gelation frequently occurs

(16) Boonstra. B. B. Polvmer 1979. 20, 691.
(i7) Ricty 7. Ade. Poivm. Sci. 1980, 36. 21.
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because of polvmer adsorption onto the filler particles.™

For this reason. techniques have now been developed
for generating filler particles in situ, for exampile, by the
catalvzed hvdrolvsis teq 4) of tetraethyl orthosilicate

Si(OEt), + 2H,0 — SiO, + 4EtOH 4)

(TEQS).101&21  In this way it has been possible to
obtain model filled systems in which the particles
formed are quite uniform in size and are essentially
unagglomerated. These materials of controlled and
known filler characteristics thus provide a verv complex
but imporiant analogue to the unfilied model elastom-
ers of known network structure.

Testing of Molecular Theories

All of the molecular theories!*?*-% predict the re-
duced stress or modulus [f*] of an elastomeric material
1o be proportional to the number v of network chains
(i.e., chains extending from one cross-link to the next).
It should thus also be directly proportional to the
cross-link density and inversely proportional to the
average molecular weight M, of these chains.!?® The
proportionality factor is predicted to be a constant for
affine deformations, in which the cross-links move lin-
early with the macroscopic dimensions of the sample.
It is also predicted to be a constant, albeit generally
considerably smalier, for “phantom™ networks, in which
the chains can transect one another and the cross-links
can fluctuate freelyv.?2"% Because of the fluctuations,
the deformation of a phantom network is very nonaf-
fine. Furthermore, it is the directional character of the
fiuctuations in the deformed state that diminishes tne
elongation experienced by the chains and thus the
moduius. 2%  The closeness with which a real net-
work approaches the affine limit depends on the firm-
ness with which the cross-links are embedded within
the network structure by chain—cross-link entangling.
Since elongating a network stretches out its constituent
chains, the entangling and degree 1o affineness decrease.
with a corresponding decrease in modulus. This has
been observed in a wide variety of experimental in-
vestigations. >7%

The entangling around the cross-links increases as the
network functionality ¢ increases, and theorv thus
predicts that increase in ¢ should increase [f*].22°% It
aiso predicts that [#*] should change less with elonga-
tion a since the more chains emanating from a cross-
link. the iess pronounced its fiuctuations. Experimental
studies on model networks covering a range in ¢ have
confirmed both of these expectations.”?*

Knowledge of M, permits direct estimate of the mo-
dulus. There is.generallv good agreement between
theory and experiment,™ 415 which suggests that in-
ter-chain entangiements such as the one shown in the

(18) Mark. J. E; Fac, S.-J. Makromol. Chem., Rapid Commun. 1982,
3. 681.

(19) Jiang, C.-Y.: Mark. J. E. Makromol. Chem. 1984, 185, 2609.

(20) Mark, J. E.; Jiang, C.-Y.; Tang, M.-Y. Macromoiecuies 1984, 17,
2613.

(21) Ning, Y.-P.: Mark. J. E. J. Appl. Poivm. Sci. 1985, 30, 000.

(22) Fiory, P. J\. Proc. R. Soc. London, Ser. A 1976, 351, 351.

(23) Erman, B.; Fiory, P. J. J. Cnem. Pnyvs. 1978, 66, 5363.

(24) Fiory, P. J.; Erman, B. Macromoiecules 1982, 15, 800.

(25) Fiory, P. J. Polvm. J. (Tokyvo) 1985, 17, 1.

(26) Mark, J. E. Ruboer Cnem. Technol. 1982, 55, 762.

(27) Ronce. G.: Aliegra. G. J. Chem. Pnys. 1975, 63. 4990.

(28) Mark, J. E. kuboer Chem. Technol. 1975, 48, 435.
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Figure 2. A network having a bimodal distribution of network
cnamn tengths.* The very short polymer chains are arbitrariiy
represented by heavy lines and the relatively long chamns by
thinner lines.

lower righ-hand corner of Figure 1 do not contribute
significantly at elastic equilibrium. There are dis-
agreements™ ! in this area. however, and this issue has
not vet been resolved to evervone's satisfaction.

Bimodal Networks

End linking a mixture of very short and relatively
long chains gives a bimodal network, as is shown
schematically in Figure 2. The first application of such
networks was in the testing of the “weakest link” theory,
in which it is assumed that rupture of an elastomer 1s
initiated by the shortest network chains (because of
their very limited extensibility).>* Bimodal networks
containing a relativeiv small but significant number of
very short chains, however, did not show anv decreases
in ultimate properties. The strain is apparentiv reap-
portioned (nonaffinely) within the network 8o as to
ignore as long as possible the difficultly deformabie
short chains. 1t is thus the (implicit) assumption of an
affine deformation that is the error in the weakest link
concept.

An important bonus is obtained if verv large numbers
+~95 mol %) of short chains are incorporated in a
bimodal network. Specifically. the networks are found
to have both high ultimate strength and high extensi-
bility. which means they are unusualiv tough.”'* Ap-
parentiy the short chains give high values of the mc-
dulus and ultimate strength because of their very lim-
ited extensibility, and the long chains somehow deiay
the growth of tne rupture nuciei required for cata-
strophic failure of the sampie.

It is also possible to prepare bimodal networks which
are spatiallv as well as compositionallv heterogeneous,
as is illustrated in Figure 3.4 This is done by prer-
eacting the short chains to form heavily cross-linked
clusters which are then joined to the long chains in the
second step of the process.® Such networks could rerve
as models for elastomers cured with peroxides wnich
are not totally miscible with the elastomeric matrix.

Non-Gaussian Theory

Since it was concluded that the increases in modulus
and ultimate strength are due to limited chain exten-

(29) Valles, E. M.; Macosko, C. W. Macromolecules 1979, 12, 673.

(30) Fearson, D. S.; Graessiey, W. W. Macromolecuies 1980, 13, 1001.

(31) Meyers, K. O.: Bye, M. L.; Merrill, E. W. Macromoiecules 1980,
13, 1045.

(32) Mark, J. E.: Andrady, A. L. Rubber Chem. Technol. 1981, 54, 366.

Figure 3. A bimodal network which is spatially as weli 88 com-
positionally heterogeneous with respect to chain length.*

S i
! . .
L S /
e\ 17 \\l
O
y :/
/// & %]

7 S
C"“J / /\ \CH3
/ CHy

Chy\
Chy
Figure 4. The poly(dimethvisiloxane) chain, illustrating how
typical conformations have different energies and frequencies of
occurrence because of the different interactions they engender
after ref 33..

sibility. it became important to try to interpret these
results in terms of a non-Gaussian theorv of rubberlike
elasticity. The novel approach taken utilized the wealth
of information which rotational isomeric state (RIS)
theorn® provides on the spatial configurations of chain
moiecuies. Comparisons between theoretical and ex-
perimental values of properties dependent on the spa-
tial configurations of the chains give the energies for
the permitted conformations, some of which are shown
for the PDMS chain in Figure 4. Specificaliy, Monte
Cario caicuiations based on the RIS approxzimation were
used to simuisate spatial configurations, and thus dis-
tribution functions for the end-to-end separation r of
the chains.® These distribution functions are used in
piace of the Gaussian function in the standard three-
chain network model” in the affine limit 1o give a mc-
lecular theory of rubberlike elasticity which is unique
1o the particular poivmer of interes:.* 3 Most im-
portant, it is applicabie w the regions of very large
deformation where limited chain extensibility gives rise
1o eiastomeric propertes significantiv different from
those in the Gaussian limit. One important result is an
improved understanding of the increases in modulus
observed in shori-chain networks at very high elonga-
tions.

Interpenetrating Networks

If two types of chains differ in their end groups. it is
possible simutianeously 1o end link them into two
networks that interpenetrate®®3 one another. Such a
network could, for example, be made by reacting hy-

(33) Fiory, P. J. “Statistical Mechanics of Chain Moiecules™; Wiley-
Interscience: New York, 1969.

(34) Conrad, J. C.; Flory, F. J. Macromolecules 1976. 9. 41.

(35) Mark, J. E.; Curro, J. G. J. Chem. Pnvs. 1983, 79, 5705.

(36) Curro, J. G.: Mark, J. L. J. Cnem. Phyvs. 1984, 80, 4521.

(37) Mark, J. E.; Curre, J. . J. Chem. Pnvs. 1984, 80, 5262.

(38) Speriing. L. H. “interpenetrating Polviner Networks and Related
Materials™; Pienum Fress: New York, 1981

(39) Frisch, K. C.; Kiempnet, D.; Frisch, H. L. Polym. Eng. Sci. 1982,
22, 1143.
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Figure 5. A bimodal interpenetrating network, in which the
short-chain cross-links are represented by fili- u circies and tne
long-chain ones by open circies.

(a) Excess ditunctional chains

Figure 6. Two methods for preparing networks having danghng
cnains of known iength, present in KNOown concentratiorn.

droxvi-terminated PDMS chains with tetraethviorthe-
silicate while reacting vinvi-terminated PDMS chains
with a multifunctional silane.* A bimodal network of
this tyvpe is shown in Figure 5. Interpenetrating net-
works in general can be very unusual with regard o

both equilibrium and dvnamic mechanical proper-
! p
ties 38.3¢

Dangling-Chain Networks

Mechanical properties can be adversely affected by
network irregularities such as dangling ends (chains
attached to the network at onlv one end).**** and it is
therefore very important to characterize their effects.
Model networks containing dangling chains of known
iengths and concentrations can be prepared in several
ways, two of which are shown in Figure 6. If, during

(40) Mark, J. E.; Ning, Y .-P. Polvm. Eng. Sci. 1985, 25, 000.

(41) Andrady. A. L.; Liorente. M. A_; Sharaf, M. A.; Rahalkar, R. R ;
Mark, J. E.: Suliivan, J. L.; Yu, C. U.; Faiender. J. R. J. Appl. Poivm. Sci.
1981, 26. 1829
‘2)(492n) Jiang. C.-Y.: Mark. J. E. Prepr.. Div. Polvm. Chem., Inc. 1983, 24
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Figure 7. Cyclics trapped by linear chains which passed through
tnem prior to being end linked into a tetrafunctional network.4

the end-linking process, more difunctional chains are
present than is required to react with all the functional
groups on the end-linking molecules, then the known
excess number of chain ends is equal to the number of
dangling ends. In this method, the dangling chains
must of course have the same average length as the
elastically effective chains. The second method over-
comes this limitation by the inclusion of monofunctional
chains of any desired length. In this way the dangling
chains can be either much shorter or much longer than
the elastically efiective chains. A mixture of dangling
chain lengths can aiso be introduced as is, in fact, shown
in the lower portion of Figure 6.

Studies*'4- of the mechanical properties of such
networks show that dangiing-chain irregularities do
significantly decrease ultimate properties, as should be
expected.

Sorption and Extraction of Diluents

“nd-linking functionally terminated chains in the
presence of chains with inert ends yields networks
tnrough which the unattached chains “reptate” 434
Networks of this tvpe have been used to determine the
efficiency with which unatiached chains can be ex-
tracted from an elastomer. as a function of their lengths
and the degree of cross-linking of the network. The
efficiency was found 1o decrease with increase in mc-
lecuiar weight of the diluent and with increase in degree
of cross-iinking *** as expected. 1t was aiso found to
be more difficult to extract diluent present during the
cross-iinking than 1o extract the same diluents absorbed
into the networks after cross-linking. Such comparisons
can provide valuable information on the arrangements
and transport of. chains within complex network
structures.

1t was also found that if relatively large PDMS cvclics
are present when linear PDMS chains are end linked,
approximately one guarter are permanentiv trapped by
one or more network chains threading through them,
as is shown in Figure 7.4° 1t should be possible 10
correlate the fraction of a cvclic trapped with its ef-
fective “hole” size, as estimated from Monte Carlo sim-

(43) Mark, J. E_; Zhang, Z.-M. J. Polym. Sci., Poivm. Phys. Ed. 1983,
21,1971

(44) Garrido, L.; Mark, J. E. J. Polvm. Sci., Polvm. Phvs. Ed. 1985,
23. 000.

(45) Garrido. L.; Mark, J. E.; Ciarson, S. J.: Semlven, J. A. Poivm.
T~y nnn. 1985, 26, 55.
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Figure 8. Preparation of 8 “chain mail™ network, not having any
cross-links at all. Linear chains passing through the cvclics are
difunctionally end linked to form series of interpenetrating cyclics,
which would be a gel.®

= —

ulations® of its spatial configurations.

1t may also be possible to use this technique to form
a network having no cross-links whatsoever. Mixing
linear chains with large amounts of cvclic and then
difunctionally end linking them could give sufficient
cvclic interlinking to vield an “Olvmpic™ or “chain mail”
network. as is illustrated in Figure 8. Such materials
could have highly unusual equilibrium and dvnamic
mechanical properties. Atlempts Lo prepare some are
In progress.

Elastomers Filled in Situ

There are three techniques by which silica can be
precipitated into an elastomeric material. First, an
aireadv-cured network, for example, prepared from
PDMS, may be swolien in TEOS and the TEOS hy-
drolyzed in situ 18194  Alternatively, hvdaroxyl-termi-
nated PDMS may be mixed with TEOS, which then
serves simultaneousiy to tetrafunctionallv end link the
PDMS into & network structure and 1o act as a source
of SiO. upon hvdrolvsis.®# Finally, TEOS mixed with
vinvl-terminated PDMS can be hydrolyvzed to give a
SiO.-filled poivmer capable of subsequent end linking
by means of a multifunctionsal silane.?'4

Stress-strain isotherms obtained on in situ filled
PDMS show the presence and efficacy of the filler: this
is demonstrated by the large increases in modulus. with
rmarked upturns at the higher eiongations.:®*%' There
are also large increases in the energy E, of rupture,
which is the standard measure of elastomer toughness.
Increase in percent filier generaliv decreases the max-
imum extensibility a, but increases tne ultimate
strength. The latter effect predominates and E, in-
creases accordingiv. 1n some cases, extremelyv large
levels of reinforcement are obtained. Such networks
behave nearly as thermosets, with some brittieness
tsmall a,). but with extraordinarily large vaiues of the
modulus [f*].%

Transmission electron microscopy*” and light scat-
tering and neutron scattering measurements* are being
used to study the filler particies. As iliustration, an
eiectron micrograph for a PDMS elastomer in which
TEOS has been hydrolvzed is shown in Figure 9.47 The

(46) Mark. J. E. In “Proceedings of the Second International Confer-
ence on Ultrastructure Pr g of C Gl and Componites™,
Hench. L. L.. Ulrich. D. R.. Eds.; Witey: New York, 1986.

(47) Ning. Y.-P.; Tang. M.-Y .. Juang. C.-Y.; Mark, J. E.: Roth, W. C.
J. Appl. Poivm. Sci. 1984, 29, 3205.

(48) Scnsefer, D. W ; Ning, Y.-P.: Sur, G. S.; Mark, J. E., unpublished
results.
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Figure 9. Transmission electron micrograph for a poly(di-
methvisiloxane) network containing 34.4 wt % SiO, filler intrc-
duced by the in situ hvdrolysis of tetraethyl orthosilicate.4” The
length of the bar in the figure corresponds to 1000 A.

existence of filler particies in the network. originally
hypothesized on the basis of mechanical properties,'®
is clearly confirmed. The particies have average diam-
eters of approximately 250 A, which is in the range of
particle sizes of filiers typically introduced into poiv-
mers in the usual blending techniques.}®!” The dis-
tribution of sizes is relatively narrow, with most values
of the diameter falling in the range 200-300 A4

Most strikingly, there is virtualiv none of the aggre-
gation of particles essentially invariabiv present in the
usual types of filied elastomers. These materials should
therefore be extremely useful In characterizing the ef-
fects of aggregation and could be of considerable
practical importance as well.4"

Concluding Remarks

Preparing and studving “mode!” elastomers having
controlled and known network structures is seen 1o
provide a great deal of valuable molecular information
on rubberlike elasticity. Additional advantages include
the preparation of unusuallv tough elastomers and
materials of possibly unique equilibrium and dynamic
mechanical properties. Analogous techniques for ob-
taining model! filled systems could well be equaliy re-
warding.

I wish to thank my collaborators for their fine work in the
various projects described in this review. It 1s also a pieasure
to acknowledge the financial support provided bv the National
Science Foundation through grant DMR 84-15082 (Polvmers
Frogram. Division of Materiais Research) and by the Air Force
Office of Scientific Research through grant AFOSR 83-0027
(Chemucal Structures Program, Division of Chemucal Sciences).
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Reinforcing Effects from Silica-Type Fillers

3 ..
{ Containing Hydrocarbon Groups
J. E. Mark® and G. S. Sur*® {-
b
Depanment of Chemistry anc tne Polymer Researcr Center University of Cincinnat 14 o
Cincinnat: OH 45221 USA . . : ) B
[ E co- .
Summary R Rt
Curing hvdroxvi-terminated chains of rpolv(dimethvlsiloxane) is : . s
achieved by reacting them with tetraethoxvsilane, vinvltriethoxvsilane, . ’
methvltriethoxvsilane, and phenvitriethoxvsiiane, with excess amounts of i . N
the silanes hvdrolvzed in-situ to filler particles. When N . : o
triethoxyvsilanes are usec, the vinvl, methvl, and phenvl groups must be i
part of the filler particles and, in at least some cases, the resulting
reinforcement 1s beiter than tnat given by the silica particles obtained .
-~ fror the (unsubstituted) tetraethoxvsilane. Cor -
o .
Inzrocuziion

’

ar earlier studv {1 emp: was made to obtain deformable . L
til.er particles by hvdrolvsis of mixtures of tetraethoxvsilane (TEOS) : L o
thvitrieznoxvsilane and cdiethvidiethoxvsilane. A seguential ’
usec, with vinvi-term:inated chains of polyv{dimethvisiloxane) . T
: being end linked intec a network structure, followed by 1its L
1ng in the silane mixture, anc the hvérolvsis of the silanes to give ' —

P y i-lel. The technique was not very successful irn that o
ied networks did not have unusually good ultimate Voo )

3
o

T onw —~ U

o BRSANE ']
[T > |
TN ol

3
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Qo
hel

m

approach 18 mocdified in the present investigation. L IR .
silanes empioved are TEOS, wvinvlzriethoxvsilane e -
w1 thoxvsilane (MTZOS ). and  phenvltriethoxvsilane ' E i
.. anéd the curing anc¢ in-situ recipitation are carried ouf
ta
i

[N CETES
2]
0]
(Al
=]

OO e

neousiv 1T an attems: Ic improve the bonding between the Zfiller
es anc the elastomeric watTix.

Tne polvmers emvioved, two hvéroxvi-terminated PDMS samples having
number-average molecular welighis corresponding te l(‘v':’.“_n = 1£.0 anc 2.0
£ molT+, respectiveiy. weTe rrovided by Petrarch Svstems Inc. For:iicenms
were wixed with TEQS, VIECE, MTEZOS, ané PTEOS in amounts characterized by
the molar feed ratic r = [OCaKs)/[0OH]}, wnere the -OCaks groups are on the
siianes and the -0 groups appear as chain ends on the PDMS, Specific
vaiues of <this ratic, which range upward from 1. (stoichiometric

r
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ba'-ace), are giver in the third coiumn of Table 1. The catalyvst

Teble 1

Preparstive betails end Properties of the Filled Netvorse

. .
10 * recwors s01 o5 W TTRIE T
4 r
o 3 - - -
g wol’ Silame 1T Desigmation Prection g e P ridler u‘e LI W e
T
18.¢ 205 N - C.0%¢ C.9%8 c.oc 3.4 c.19 .2
¢ 1-5¢ [ C.97% LY 9 2.0 0.43 c.6!
10¢ T-10C C.0&C 0.99C .18 .82 (%} c.9
TGS 5 vesr .03 £.97) «.2} 2.8t £.%5 1.2
10 V-10¢ c.o2: P ¥4 8.18 i.0¢ G.&C C.3¢
MTEOS sc m-5C .03 [ [ 3.4t . C.7% Loat
106 »—10¢ C.0&8 C. 98¢ S0 P C.9¢ Ly
PILOS 5¢ 12819 [4%:3 19 C.962 3.5 b 1) c.7 C.68
10¢ Pl €¢.031 a3 1.2 i8¢ C.3% [ 3
26.0C TROS N -l c.o82 C.935 G.0C 1,60 [P
80 T-5¢C L.07% 1.0 .2« 3.3 €. 9«
10C T-10¢ G.07¢C 1.28 13,8 2.9C 1.2}
VTROS 5¢ 950 c.eos .98 5.8 3.86 P}
100 ¥-10¢ L. 0ud PRSd 193 1.8t a2t
WTLOS 3¢ »-5C .o 12,2 b [ .8
100 »-20C .05 e P L.&b C.8f
PIROS sC P-5C .07 1.0 ¥ 3] P by 2.2 L.82
10K P-10¢ c.om P T et i.cr N
Lnosecuiar weight o! the setwors chaibs.
:4--4 ratio o! OCaby grouss ot Ibe siiene to OE groups ot the poiveer,
Sienaity st roos temperaturs.
&’.m-un a4l rupture.
Lnomigal stresas st rupture.
;’anrp reguirel for fuvture.
ecploved, stannous-2-ethvlhexanoate, was presen? in an amount

corresponding to 1.0 wt % of the PDMS. Eoth series of mixtures of these
components appearec to be perfectly homogeneous. They were poured into
mcids to a depth of 1 mm, and the reaction was allowed to proceec a: room
temperature for two days Tue water required for the hvérolvsis  was
simply absorbed from the humidity in the air,

Tne resulting networks were extracted in tetrahvérofuran in the
usual manner (15,16): the sol fractions thus obtained are small, as can
be seen from the values given in columr five of the table. The densities
¢ of the extracted materials, determined by pvcnometry, are reportec in
cciwmn six, and values of the wt % filler, determined frox the increases
i weight, are given in column seven.

Unswollen portions were used irn the elongation experiments carried
out to obtain the stress-strain isotherms ar 25°C (15-17). The nominal
stress was given by £¥ = £/A%, where £ is the elastic force and A* the
undeformed cross-sectional area, and the reduced stress or modulus by
[£%] = /(¢ - a™2;, where a = L/L; is the elongation or relative length
of the sample.
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Resulte and Discussion

Typical stress-strain isotherms obtained for the networks having M 3
~ 16.0 x 103 g mol™! are shown in Figure 1, and some for Mp = 26.0 x 10
g mol™! in Figure 2. Values of the maximum extensibility or elongation

06~ : }
) P ~100 ¢S Segvewe- 1
‘ l
M-100 !
G 0a A*‘,_ J
IS I
“ . M -50 ['
bl . \ |
- T T 100
T-5C

c2* %-oo—-"'*"‘o—o\v ¢ -
| .

? : 0 OO0 T-1

|
0.2 04 o€ OE 10
a-'

Figure 1. The reduced stress shown as a funciion of
reciprocal exonga;xor ar 250C for :vpi;al filled PDMS
networks having Mp = 18.0 x 103 g moi~l. Each curve
is identified by the designation giver 1in column four
of tne Table, and the vertical dashed lines locate
“he rupture points.

15
eP-10¢C
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% e_so
" vanoe, e S 2l
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e
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Figure 2. The reduced stress shown as a function of
reciprocal elongation for the networks having M =
26.0 x 103 g moi~!
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at rupture obtained from all the curves of this type are given in column
eight of the table. Similarly obtained values of the ultimate strength,
as represented by the nominal stress at rupture, are given 1in the
foilowing column.

Figure 3 shows some of the data plotted in such a way that the area
under each curve corresponds to the energy E, required for rupture.
Values are listed in the final column of the table.

r —
! £-100
BOT .
| ! !
‘ . |
~ | ! :
f20- ¢ -
= «
- .
< -
= . T-100
‘ . Y v-100
w v
1o . 4 -
| .
- y M-100 -
‘ . %g/cdw
| ca - T-
Lﬁ?ﬁi:»<—<—<—<—4}4»0——0‘0 '
c < 3 4
a

Figure 3. The nomina. stress shown as a function of
elongarion for selected networks having ¥ = 26,0 x
¢ . n

10° g mol™-.

There are seen to be large increases in modulus in general, anc some
large upturns 1ir modulus at high elongations as well. Tne desired
reinforcing effects (18) are tnus clearly in evidence.

0f considerable interes: 1s the observation that, at comparable wt %
fil.er, the filliers containing vinvi, methvl, or phenvl groups frequentiy
give better reinforcement than that given by the silica particles
obtained froz the TEOS. The PTEOS svstemr seems particulariy interesting
in this regard. The improvements could be cue to deformability of some
of the filler particies. A definite conclusion, however, woulé reguire
examination o stretched and quenched samples by electron microscopy, a
very difficult bur concelvabiv achievable goal.
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ELASTOMERIC NETWORKS CROSS-LINKED BY SILICA
OR TITANIA FILLERS

G. S. Sur and J. E. Mark

Department of Chemustry and the Poiymer Research Center, The University of Cincinnati,
Cincinnati, OH 45221, US.A.

(Received 8 May 1985)

Abstract—Tnethoxvsilyl-terminated poly(dimethylsiloxane) (PDMS) was prepared by reacung tn-
ethoxystlane with  vinvi-terminated PDMS  having a number-average molecuiar weight of
11.3 x 10 g mo!~". Particles of silica and titama generated in suw by the hydrolysis of tetraethoxysilane
and titanium n-propoxiae. respectively. were found to end-link this polymer. The presence of a siable
elastomenc network structure was confirmed by stress—strain measurements in eiongation.

INTRODUCTION

Chemical modification is now a common wayv of
extending the utihty of polymeric maternals [I-4]. A
particularly important exampie 1s the placement of
reactive groups at the ends of a polymer chain so that
it can pe end-linked into an elastomenc structure
[5.6]. Typically. hvdroxyl groups are placed on chains
of poly(dimethylsiloxane) (PDMS) [—Si(CH,),0—].
which are then joined by a multi-functional reactant
such as tetraethoxysilane (TEOS). It would be very
interesuing if such ethoxy groups could be placed on
the chain-ends. since thev could then be reacted with
the hvdroxyl groups present on the surface of manyv
reinforcing filler parucles [7-9]. In this way curning
and filing could be accompiished 1n a one-step
process.

The present investigation was carnied out for this
purpose. Specifically. tnethoxysilyl groups are placed
on the ends of PDMS chains into which fume silica
($10,) 1s mixed. or into which silica or titama (TiO,)
are precipitated by hydrolysis of appropnate silicon
and utamium compounds. The stability of the nei-
works thus formed is gauged by stress-strain mea-
surements carned out to rupture.

EXPERIMENTAL

Vinyl-terminated PDMS having a number-average moiec-
ular weignt of 11.3 x 10’ gmol~’ and a commercial fume
siiica were generousiy provided by the Dow Corming Cor-
poration. TEOS (Fisher) and ttamum n-propoxide (Al-
dnch) were used without further purificauon.

Tnethoxysilyi-terminated PDMS was prepared by reac-
uon of the vinyl-terminated PDMS with a small excess of
tnethoxysilane. using chioroplatinic acid as cataivst, n
scaled flasks at 70 for a penod of 1 day. The hvdrogen
attached to the silicon atom in the silane simply adds to the
vinyi double bond. Removal of the unreacted tn-
ethoxvsiane under reduced pressure resulted 1n a colouriess
viscous hauid. A smali poruon of the product was charac-
terized by standard chemical titration

I the first expenments. attempts were made 10 react the
tnethoxvsiiane-terminated PDMS with the commerciai sil-
a The ingredients were well mixed and 1wt °  of
stannous-2-ethylhexanoate was added as cataivst. The mix-
tures were poured Inte moulds to a depth of | mm. and the

reaction was allowed to proceed at room temperature for 3
days.

In a second set of expenments, attempts to obtain cross-
linked networks were based on reacuion of the
tnethoxysilane-terminated PDMS with silica obtained by
the “in sizu™ hydroivsis of TEOS [10-21}. In bnel. the
PDMS. TEOS and catalyst were thoroughly mixed. They
were then poured into moulds to a depth of approx. | mm,
allowed to stand for 24 hr at room temperature, after which
they were placed under vacuum (500 mm Hgi. The water
required for the hvdrolvsis was obtained simply from the
humidity in the air. In the final experiments, titanium
n-propoxide was used instead of TEOS. thereby providing
titania parnticies. The conditions were the same as those used
for the TEOS.

The resuling networks were extracted in tetrahvdrofuran
for 4 days. deswelled in tetrahydrofuran~methanol mx-
tures. and then dned.

The stress—strain isotherms were obtained on stnps cut
from the dnied (unswollen) networks. at 25°, n the usual
manner [S. 6]. Stress—strain measurements were made using
a sequence of increasing vaiues of the eiongation or reiative
length of the sampie 2 = L 'L,. with {requent inciusions of
values out of sequence 10 test for reversibiity. Enure
stress—strain 1sotherms were frequently repeated two or
three times. The nomnal stress was given by “* =/ 4°
where /s the elastic force and A* the undeformed cross-
seciional area. and the reduced stress or moauius
(5,6.22.23) oy [F*)="1a~a" ")

RESULTS AND DISCUSSION

The amounts of filler incorporated in the PDMS
networks are given in the third column of Tabie 1. In
the case -of the fume sihica blended into the polvmer.
some gel was formed. As snown in column tive of
Table |, however. tne sol fraction was very hugh. and
the networks were too weak for reliable stress-strain
measurements. Apparentiy the surface concentration
of reactive siianol groups on this filler was too small
to give a high degree of chain-end iinking

The results were considerabiy better for the net-
works in which $H10. to TiQ. was preciputated in-siuu
The sol fractions were smaller and reversible
siress—strain 1sotherms were obtained. The results are
shown 1n Figs | and 2 The modul approached
0. N mm"*. which 1s indicative of reiat:vely efhcient
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Table | Structure and uiimate properties of the networks

Ultimate properues

Filier Network
AL 10'E,¢
Formuls Ongin Wi % Designation  Sol fracuon a, (Nmm % (Jmm N
Si0, Fume 040 — 040 - - -
1 96 —_ 042 —_ — —_
Si0, In-situ 0.88 Si0,-1 0.20 18 019 0.08
Pyt I 60 $10,-2 0.31 1.6 0.i6 0.05
Ti0, in-siuu 092 Ti0.-1 0.20 23 038 0.26
Ppt {47 T0,-2 0.31 1.6 0.19 00

*Elongation at rupture tUlumate strength as measured by the nominal stress at rupture

{Energy required for rupture

o
8

e e

To -1

T10;-2 %ﬁm\

$10 -1

$02-2 Mc"“w\

o4 o1 o8
o

(" 1/tNmm 7y
Q
]

Fiz. 1. The reduced stress or modulus shown as a function

of reaiprocal elongauon at 25° for the stabie PDMS net-

works. Each curve is identified by the code gven in column
four of the Table.

Ve
//
.- va
23 - ~//
A
/T.C: Z
PRI
e Si0p-2
—_
C B 2¢ zs
Q

Fig. 2. The nominal stress shown as a function of eion-

gation for the same networks charactenzed in Fig. 1. In this

representation, the area under each curve corresponds 1o the
energy E, required for rupture (24].

end-hnking. Values of the maximum extensibility,
ultimate strength, and energy to rupture, given in the
last three columns of the Table. are aiso consistent
with a stable. elastomeric network structure.
Additional studies could show this new technique
to have practical as well as fundamenial importance.
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Electron microscopy of elastomers
containing /in-situ precipitated silica
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Transmission electron MICrOscOPY 18 used 1o characterze remiorcing silica parucie preapitated as filler imo
netwaorks 0f pohvidimetnvisuoxaner by tne pvarotvas of etraethviorthosiiicate, Parucie diameters were
tmicaliy 200 A, with rerauvels narrow distripubions Aggreganion 1s generalis vers low but. as expectd.
DECOMES MOTE PFONOURCED Wit nctease in amount of filker. Acidic cataivsis give less well aefinea parucies
than basic ones. and Jarge cataivst concentrations give unusualiy small parucle diameters. Permitung the
PArDCtes o JIEesi 1IN CoNtact wiln WALET and Calalvs! seems 10 Mahe them belier definec. more uniorm in size.

and tess agpregated

(hevwords eveciron microsopy: einsiomen siika, pols(dimethyisiiexane))

INTRODUCTION

' ¢ newwork of poividimetnmvisionane (PDMS
ToSHCH -G T s sweligd walr telraelnvIoTinesicute
TEOS anc tne TEOS bscroivsec. silice particies arg
gepaotec Within the networs siruciure . The reaction

SuOkL, - JH.G=810. ~<E10H o

anc s catalvsed by g vane!s of SuDSLUncesT n the vicinits
o!f room temperature Tne presence of filier parvcies was
spown mmdirectiv oy the remiorcement opserved In Siress -
SIraIn measurements Of tne @ned networes T and
directiy I1OmM 1w electron micrograpns’

The present mvestigation was carmned o' ¢ provar
addibona. Iermalion On the siice generaled py tnts -
stiu precipitation tecnnivue Ejeciron microscops 1 usec
1¢ Qelermine average parucie diameters and tnerr Gistre-
pulions. the smootnness of tne parucies. and the extent of
tneir aggregauon. Of primary interest1s tne gepenaence of
these guantilies on lemperature. reaction time. the nature
of the cataivsi. calalvsi CONCEntralion. anc ageing

EXPERIMENTAL

Freparation of networks

Thne networks were prepared irom PDMS chains that
nad either viny! groups or hvdroxyi groups at botn ends
All sampies were tetrafuncuonaliv end iinked 1n the usual
manner. the former type with SI{OSHCH,1,H ], ¢ and the
jatier witk TEOS™ Their values of the number-average
molecuiar weight. which becomes the molecuiar weighi
M, between crossimiks. are given 1n the second column of

* Visiing scienuist at IBM.San Jose, 1984-85 acavemic vea:

NO3T - RG] RSP I2060 - (ASGE 00
1925 hutterwonn & Ce tPubbshersy L1

ahw [ Each network was extructed for several davs to
remove soludie mateniai. wnicn was found 10 be present 10
tne extent of oniy & 1ew per cent

Frecipitation o suica

Strips cut from the network sheets were weighed anc
tnen swebed with TEOS 10 tne maximum extent atiain-
abie Tne extent varied with Al bul n all cases cor-
responaec 10 & voiume iracuon of poivmer of 0.2z
wnich means tpzre s a 1arge excess of TEOS avaniabie for
nvaroivsis The aegree of crossiimking of tne sampies
studiec snould therefore be umimporiant was should arse
D tne nature of tne funcuonas groups onginaliy presen:
Or tne cnatn enas:

Eucn swolien strip was placed 1n one of several agueous
catatvs: solutions, and Ine hyveroivsis of the TEOS
rermittec te occur ai the aesirec lemperature for tne
gesirec periog of imes. Delans are given in columns -t
o” Tabie . The inai sampie 1n the series was permittec 1o
‘age’ n contact with 1t cataivs: soluliorn {07 & penoag of
twoe montns. Afler tng reaclion, each SiNp was aneg anc
weigned  Sampie designauons. based or tne tvpe of
catalvsl and 1ts wt'_ In solution. are given 1n tne (inal
column of the tabie. ,

Eiectron mucroscopy

A piece of each filied network approximately | mm
» ] mm x 5 mm was mounted 1n an appropriate specimen
hoider. which was then piaced into the cryvostatic chamboer
{Sorvali FS 1000+ of an ultramicrotome (Sorvali
MT 60001 The enure siicing ares was taken 10 and then
mamtamned at — 140 C. with 4 controlier imuatng the
aehivery of the precise amount of lguid mtrogen and heat
necessary 10 maintamn presel temperatures in the cham-
ber The hauid mitrogen filiing svstem incorporates a

POLYMER 1985 Vol 2€. December 2069
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Etectron mucroscopy of eiastomers contarng precipitateq sica J £ Mars el al
Tablo 1T Condnons o Botw 2w 10 Hor and S Preci™ibabny

St preapitatiorn

Catalwst Keaction

End 1A — 7 time Sampic
groups wome' Formula Wi tC thours) aemgnatior.’
AXLIY IRY C:HUNH 20 S0 (VN FAM-2.!
iy Pde C,HNH, 2 S0 1o EAM.C.D
Hyarow: 23 C.HNNH; 20 28 240 Ban.2.:
Hyvarowy, s CH,COOH Se R | ¢ HAC-S
Hyvaron L 3U N.-HPO, So 28 20 KPH-5-1
Hvdroxs! » CaHONH, SO0 28 017 b AN.SO-
ARLI T4 CiHRONH, 20 28 1440 ¢ EAM-2-4

“AVEIArT MOIRLUIT WEIER! DEIWECTE CIOSSINKY

PCa-wt —cat-number

hawd gas separator designed (e aliow only hquid nni-
rogen e the champer. Specimen shices having a thick-
ness the order of 1000 A were obtained using a diamond
amite Tney were collected on carbon-coated grnids. and
tnen examined 1n transmuission with & Hitachi HS-T
glectron microscope operating at S0 kv,

RESULTS AND DISCUSSION

Tne measured increases in weight o the sample sirins
WeTE UseC Lo culcutate vaiuzs of the we, filier introduced
0y Inem-sin precinitation reaction. The results are piven
inotnge seeond coiumr of Jubu

Tne nrst twe sumpies. EAM-2-1 and EAM-2-2 were
preparec unaer condinons identical 1o those used 1n tne
previaus Study . excepl the temperature was S0 C mnstead
of room temperatere T ypicai eleclron micrographs op-
tuined for these two sampies are shown in Figures f and 2.
respectiveis. Asan the previous case”, tne paruicles had a
diameter of approximateiy 200 A, were weli defined. and
were wel gispersec (ittie sggregavon: This 1 sume
manzec 1In cotumns 3-6 ol Tuhie 1. Thus. moaerale
ChUnges 1n lemperature seem unimporian:

I: very large amounts of silice are precipitated. aggre-
£aU0n pecomes more pronouncec. as snould be expecied
Tos s shvstrated oy sampie EAM-2.30 wnich contains
FLEwt ) sihica o~ €300 A tvpical micrograph oc-
med 107 1018 SROWN R Figure

Tne apove tnrer sumpies were oblained using etns-
iminy. @ dasic calanvs: Toeeflects of changing 1o« hrghiy
a1Qie catalvst are thustrated oy sampies HAC-5-1 and
KPH-5-1 tnzy were prepared using solutions o! aceuig
OIS 4nd & pnosprate salt naving pHs of 27 and 4(.
respechvens. Tneresuitsior tne HAC sampie. ihustratec ir.

Tabie 2 Amounts and cnaractensuces of siica precimiatec
w, Inamete-

Sammie S Fraure VAL Delinor. Dispersior®
e T84 220 Good Gooe
R I y 200 28 Good Ciood
he Fai bPoaor
R B boor Far
- 1202000 Good CQood
(B 4 65-100  Good Gooc
e - N Excelien: Good

*Lden of agpregation

2070 PO_YMER 1985 vo! 26, December

Fugure < show the particles 10 be very poorly defined This
15 consisten! with resubts™ ' obuned for svsiems of
interest n sol-gei-ceramics tecnnoiogy. 1t was tnere
concluded that in the gelation process. acidic calaivsts
give structures that are jess brancned and iess compact

ik

@ r s

Figure 1 Transmission eleciror microgranh of sampre EAN-2-1 at .
magnification of 60600+ in thus and tneicliowing Figures. ine enptn ¢’
the bar corresponas 1o 100U A and actanis on the sampies are given r.
Tuntes o oanc ]

Frpure 2

Micrograph of samme EAM.2.2 a1 77 850 »




Frgure 3

Figure 4

Micrograph of sampie EAM-2-3 41 49830,

Nacroprapn of sampie HAC S a0 40850,

Micrograph of sampie KPH-5-1 at 49§30 »

thar those obtamed 1ron tusic Cataby st Aseapedted the
tessacadic K PH Catanst goes gnve netiee aefinea particre
a~ toahiustrated an fLaun

Tne efiect of using o vers dargy amount of cataivst
(Sowt" s shown by sampie EAM-SG-1 The parucies
obtained are unususlly small 165 100 AL as shown n
Fiaure ¢

The inal sampic. EAM-2-3 was permitted to remainn
CONACT WILR s ggueous catad vt solution 1or twomonths
Asasaliustrated o Fagure 70 thes Tageng” or Cdigestion”
process did seem 10 make the parucies better defined.
maore uniform i size. and iess aggregated This sugeests
that some reorganizalion 1s OCcurmning. at ieast in some
steps in the hyvaroivsis reacuon, Addinonal expeniments
wouid be reaurred. however. 1o conflirm this tentative put
VEry provocative result
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The term "inorzanic polymers,” im-
plies an interest in looking beyond
tne second-row nonmetals of the
penodictable (nameiy N, C, O) for
polymer-chain elements which wiil
provide new classes of materials to
overcome iimiations now posed by
current so-callec “organic polymers.”
Desoie the enormous success ¢

crzanic polymers in generating materi-

ais with new ang desirable propenies,
some ola materials probiems stili re-

main. and advanced lechnologies are
now piacing exolc ang extreme
gemanas upon polymer materials
Among the olc problems are the
needs for fire-retargant. non-1oxic
high moiecutar weight fiuias . piastics
andelasicmers Tne demandicr eias
tomernc seaiing maternals (such as C-
rNgs anc caskels, which remam hox-
iDle at very low temperatures whig
resisting thermal gegragaton at nign
temperatures. has no! ve! been me!

Conunuec on paze 5

Figure 1:
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New Computational Tools
Herald Promising Advances in
Materials Design Research

Inthis issue CDA News examines
programs available for computational
studies inthe general research area
of maierials sciences. It 1s not our in-
tention to survey all the work ongoing
in solid state studies, but rather 1o
look at the practicality and utility of the
computational tools available tor com-
mercial application. 7o this end, a brief
look at the imponiant problems being
studied seems dgesirable.

Amorphous semiconducicrs have
been the subielt of numerous com-
putational Invesugations inrecent
vears. In particuiar, amorphous silicon
has received attention because i1
ihe simples! covalently bonoed amor-
phous solid anc serves as an tmpof-
tant prototype tor invesugating the
disordered solid siate.

Continuec on page 8




Statement of Editorial
Policy

ftis the express edional policy of
Chemical Design Automation
News 10 publish objective intorma-
tion on matters ot technical interest
relating to the use of computer auto-
mationtechmgues in chemical and
engineered matenals research. In ac-
corgance with this policy, we weicome
,am.,npauon trom all individuals and
nstiutions Invoived inthe field

Tnis tall CDA News will publish a
special feature which descripes and
assesses molecular modeliing’
graphics systems. We invite you,
cJrreagers. 1o pariicipate by submit-
ung usetulcriteria you use 1o eval-
uate such sottware We will incorpor-
ate vour siangaras and suggestions
imtnis stugy Prompt responses
snouid be sentto Bamara & Graham
Cnemical Design Automation
s 2.0 Box 1387
Vyaknam MA CZ254.

CDA News s interested in pudlisn-
ing yOUr exdenences wnere researcn
use of moaeliing tools are believed to
represent the gelermining 1aclor in
the igentification of structures
exhiniting oesireo properties

Coniact Bamara ko Graham.

Chemical

Design Automation
News
15 publisnes mommy_
‘S8 0388-671

“ublisher Lu

Zduor: Bamara F. Graham

Cnigf Science

=dior: Frank A. Momany

=reguction James A. Woino

Azaress P.O.Box 1557
Waliham, MA 02254

Subscription $185U.S.;

raies $245 Canada. Mexizo

and Overseas.
$45 Academicians.

Coovyright 1986. No part of this
publication may be reproduced in any
torm without the written permission of
CDA News.

Theoretical Studies on Liquid-
Crystalline Rodlike Polymers
Used as High-Pertormance

Materials

Synthetic polymers now pervade all
industrialized societies, with new ap-
plications appearnng on an almost daily
basis (1}. One example of the cases In
which specially synthesized polymers
have been panicularly impressive in
their replacement of non-synthetic or
non-polymeric sypstances is inthe
area of "high performance” materials
Materials inthis category are so gesig-
raled because of their ability to main-

Wiliam [ Welsh. Pr.D. (ief),
Depanment of Chemustry,
University of Missour: -
S: Louws. anc

James £ Mam, Pr.Dwuht),
Decanment o’ Chermistry
anc Poivmer Researcn
Cenier. Universry of
Zinzinnat,

tain desirabie properties over a wide
range of iemperatures. and frequentiy
despite exposure to very hostile envi-
ronments. Some specific examples of
the superiority of man-made polymers
are packaqing fiims that are tougher
than the celiulose-based matenals
they replace, and textile fipers such as
Dacron. which are much more gurabie
than most naturaliy occurnng fiers. A

Continued on page 12

Biosym Establishes Industrial
Consortium to Work on Next
Generation of Man-Made

Molecules

Biosym Technoigies. Inc., of San
Owego, CA. has announced the forma-
tion o! a consortium of cnemical,
pnarmaceutical and computer harg-
ware ang software companies 1o de-
velcp Potential Energy Functions.
The consortium inlends to genve
more accurate torze fielgs toruse in
computer programs which simulate
anc predict tne propertuies of mole-
cules. Such computer programs are
appiied o gesign pharmaceutical
agents. agncultural chemicais, bie-
molecules, synthetic fibers and otner
molecules.

Joining Eicsymin the etiont are

ADDOu ~ahoratones. Cray Research,
£. 1. ou Pont ae Nemours. Merck.
Sname & Dohme Research [abo-
ratonies. Monsanto, Rohm & Haas anc
the Upjohn Company. Each comoany
will contrinute financial and technical
supporito the three-yvear oroject

A major imzation cf manv current com
putational methogs has beentne rei-
ability of their unoeriying mathemat.-
cal moaels. Optimal models have
been gevelcpedior g paricuiar class
of compounas -- for example, to
Continued or. page 1

Ty




Polymer Studies

Zontnued trom page <

more exotic example IS the class ot
aromatic polyamides having high
melting points and exhibiting
strengtns \on a weight basis) well
above that ot steel {1}.

Research on hauid-crystalline poly-
menz maternals has intensified inre-
centvears with research and cevel-
oo et achiivites proceeding at IBM.
du Pont. Eastman Kocak. Celanese.
Monsanto, Carnegie-Mellon Univer-
say. the University of Massachusetts,
Soutnern Mississippi Universiy. the
University of Missouri-St. Louts. the
university of Cincinnati. SRl inter-
rationa!. the Unversity of Dayton
Research Institute and Wngnt-
Fatterson Arr Force Base. The fozus
15 ana will conuinue 10 be ontaon-
~aung nraereg polymers into fivers,
Lend @nad moldec shapes that win
cpenthe coor1c a wide range of new
orogusis trom bicvele wheels anc
sungry machine pars o automotive
anc arrcraft components and
electronic gevices.

Particular interest hastocusedona
new lype o' para-catenatec aromatic
polvmer being used inthe preparation
¢t high peniormance fiims and fivers of
exceptional strength. thermal siabdility
ang environmenial resisiance. INCILGC-
ing inernness to essentially al com-
mgn solvents. A polymer ot this type

2 DOly(p-pnenyiene DeNZobiISOxazole;
(PED, . 1silustratedin Fig. 1 (2;. Tne
iIsomer shown here 1S designated the
2's1ormon the basis of the relative
iccations of the two oxygen atoms In
tne repeat unit. Other reiated poly-

Figure 1: Repeat unit of the £1s-PBO
polymer.

mers cfinterest are the 22 P20
andtne {5 and lrgns torms of the
corresponding poly p-phenylene
perconisthiazoie) (PBT). inwhich the
w0 OXyQen aloms are replaced by
sultur aloms

These chains are extremely sttt ap-
proaching the imn ot a ngid-r00 mole-
cule. Because of their nigidity. they
readily form hquid-crystalline phases
(3.5, specifically nematic phases
==—— inwhichine chains are
aligned axialty but are out of registerin
a rangom manner. The spinning of
fims from a hiquid-crystaliine aope of
such a poiymer nas great advantages
{13. The required flow of the system is
tacitnated, and the chains aireaay
nave a grea! geai ot the oroenng they
needintne crystaline fibrous state to
exhinh the desired mechanicaiprep-
eries Notsurpnsingly. PBO FBT
anc reialec poiymers are tne tocus ¢
tne US Air Force's "Orpered =oiv-
mers” Program{2.2.5, whichnas
been esiadiished 10 geveiop nigh-
penormance maienals for aercspace
agphcatons Potential uses inciuge
nsionty as fivers and fume. but alsc as
reintorcing fiorous fillers in amorpnous
matinces 1o Qive "molecular comopes-
ies " wnere they serve the same pur-
POSE as the macsroscopic giass or
graohite fibers wigely usea in muli-
pnas: polymer systems

Inthis repon we summarize some o'
ourtnepretical work on the siructures,
contormanonal energies intermoled-
uiarinteractions anag eesironic preo-
enies of PRO and PBT chains. in2lug-
ing the protonated forms known 1o
existin strong acios The emonasis s
cn how such studies proviae a moiec-
ular ungerstanding of the unusua.
Dreperties and processing cnaracler-
1s1cs of this new class of materials

Both empirical molecular mechanics
(MM and semiempirical CNDO/2
(Compiete Negiect of Differential
Overlap) molecular orbital methods
(2.3) have peen used for the (intra-
molecular) conformational enargy
calcuiations, while only the former has
been used to date for the intermolec-
ular interactions. Since mode! com-

pounds o! 2:¢ P87 have been shown
16010 assume a bowed conhigurahion
intne crysialiine siale. similar calcula-
tions (2) on this congener were more
complicated and so are not presented
nere Polanzabilities were calculated
using three methods, speciiically
second-order perturbation theory
combineg with the tormalism ¢!
CNDOQ!/S Cl {Conliguration Interac-
tions}, an empirical scheme based on
the additivity of atomic hybnd compo-
nents, ard the stancard bonc poiar-
izabilty metnod (2;. Elecironic banc
structures, relevant 1o electricai con-
cuchivity, were calcuiateg using the
Ligni-boncing scheme basec on ine
Extenoed Huckeltheory (2.

In soite of the ngicity of the PBO and
P87 chains, some coniormational
fiexibilty should be permrieg result-
INg trom retations ¢ adout ine sincie
bong joining the D-pnenyiene 10 tne
heterccychic moietv in eachrepeal
unit (Fig 1) (2.3, The preparatenc!
nion-sirength maternials consisting ¢f
rodiike poiymers such asthese re-
cuires a high gegree o) ailgnmeni ¢!
100s. Hence. the extent of inirame-
lecu.ar rolatonal fiexibility anc thus
geviations tfrom pianarity are imponan:
inthis regarc, particuiariy interms of
cnain-packing eftects and the sciubii-
1y characlensucs of the polymers.

M Calculations (2.3 indicated that
tne lowest energy coniormation of ¢'s-
anc 1-ans-PE D shoule corresnons 1o
the copianar coniormations  this 1sin
acreement with the pianarny 1ound 17
tne corresponding mogel compounas
inthe crysialine siate
oredicted o be nonpianar (¢ = S5,
largely cue to tne stericbulk ot tne S
alom, compareg¢ with a value 01 22.2
1ouna expenmenially for a mooel
compound inthe crystailing form (2.
inciusion of intermoplecutar interac-
tions by mimtmizing the totahintramo-
lecular and intermolecuiar energy ol &
pair of 1rans-PB7 secuences (2; shitts
the predicied conformation 1o the
range 0to 25¢, iIn much betier agree-
ment with experiment. Tne virational
and electronic absorption specira of

Teanc. D27
2NS- = 1S

Continued onpage 13
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Continued from page 12

model compounds in the crystalline
state and in solution {7) are consistent
with this interpretation.

CNDO-calculated conformational
energy profiles for ¢is- and trans-PBO
indicated preferred contormations
corresponding to coplanarty; this re-
su. s thus in excelient agreement
willi the MM results and with exper-
iment. The subsiantial bariers (near 2
kcal'mol! to rotation away tfrom copla-
nariy imoiy that conjugation efiects {{a-
vornng copianarity) between the aro-
malic moieties gominate the steric re-
pulsions (distavoning copianarry) (2.

Intermolecuiar energy calculations (2;
canelwcicate the natre of the chamn
sacking ang proviae estimates of the
COrrespONCGing gensilies. magniuoas
L2 wsiahinteracion energies, and

the reiative imponance of vander
Vaals and Coulombic contributions.
These "packing” caicuiations were
based pnmarily on two paraliel chains
shifted reiative 10 one anather whiie
the gensity eslimates consigeregd
pairs of cnains botn above one
another = ang alongsiae one
anotneri .

Tne calcuiations snow tha! pairs of
chains above one another are out of
registerty 3.0 A nthe case ol the
P30 poivmers and by 1.5 Aintne
caseoftne ans-PE7T. X-ray crysiai-
1opraphic studies indicate axial shitts
ol approximaielv 4.5 A mtne case ¢!
moaoel compounas for alithree types
of moiecules (2;. Intne case of the
verical spacings. the theoretical re-
sults are in excellen: agreement with
an expenmeniaivalue near ~ 2.5 A for
alltnree types of model compounas.

The interaction energies between
cnains were found to be ratner large,
with contributions trom only a few
repeat units adding up to vaives ap-
proaching typical bond dissociation
energies. This suggests thai ir these
polymers it is generaliy less costly in

terms of energy to break a bond alono
an indivigual chain than to separate
two adjacent chains. The attractions
are somewhat larger for the {rans-PBT
because S atoms give rise to larger
van der Waals attractions thando O
atoms. Coulombic contributions to the
total interaction energy were tfound to
be very small. suggesting that the di-
electnc constant of a potential solvent
forthese (unprotonated) polymers
should be of no Importance. and tnus
tn agreement with experiment. (2

Calculated densities were found to be
in goog agreement with the experi-
mentaliy obtained densities of the
model compounds (2), particulariy in
the way they vary with changes in the
structure of the repeat unit. The re-
sults indicate tnat the higher gensity
tfortne PBT polymer s gue to the
higher atomiz weight of S relative 1o
C. ratner than to more efficient chamn
packing

Because of their stittness, the PED
and PET cnains are very nearly inirac-
tabie. peing insoluble in ali but the
sirongest acics and very ditficult to
rocess into usable films and fipers.
Tnese materials may be maoe more
fraciable, however, Dy the insenion of
a imited numoer of atoms or groups
cnesen se as to impar a controlied
amount ot additional fiexinility to the
chaing. The insertion of even a smali
numper of flexibie molecular irag-
ments or "swivels” 1nto such chains
wili increase tneir flexidility ang tracia-
bilny by aliowing mutual rotation of
diacent chain elements about the
swivels roiatabie bonas. (Sucn
swivels aiso nave the agvaniage of
taciltating the polymerization;.

in swivels of the type Ph-X-Ph-X-Ph
{Fic. 2;. where Phis phenyleng and X
1S the single atom O. S. Seor Te. MM
caicuiations (2,3) reveal that the suliur
swivel has the govaniag: bothin
equilibrum tiexibility (more low-energy
and thus accessibte regions in config-
uration space; and in gynamic fiexibil-
Ny {lower parriers between energy
minima). A number of somewnat more
complicated swivels were aiso inves-

Figure 2: Exampie ot a Ph-X-Pri-X-Pr.
swivel with x=C

ugated. viz., ---CC--+, -85 --Chiz.
and---C(CFg;7--- Ontnetasis o
boththermal siability ana contorma-
tional tlexibilty, the most promusing
swivels trom this expanged grours
are ---0O--- ---S--- --C{CF3;2--- ano-
-C0---

g .

Whnolly aromatic swivels. such as g
phenviene anc 2.2-dipyridviene.
should nave the greatest thermal siz-
bilty. Thev can maintain parallei conur-
uationof the chamn if pondec o«
eitneroriho, ortho (OD) ormeia. me:
{MM) (Fig. 2,. CNDC/Z calcutations
carmed out ona numer ot tne widliy
aromatc swiveis, vz bipheny!. 2.2°-
pipvrigyl, Z-phenyloyriding, 2.2 -bipyr-
imidyi and 2-pheny:pynmidine, revea,
thatincrease inthe numoer of nitre-
Qen substitutions generally ge-
creases the energy of the copianar
contormation ang increasec tne
overallfiexibility of the swivel.

ty m

Oniv very strong acids such as meth-
ane sulfonic acic ana polyphasghonc
Conunuea cn page 74

M

Figure 3: Tne wnoliv-aromatic
c.ohenviene swive,

—
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- ————



Polymer Studies

Con:.:ued from page 13

acid are solvents tor these matenals
Protonation of the rodlike PBO and
PBT chains and thewr model com-
poungds in acichic media will have
s:gnilicant eftects on their solubilty,
soiution behavior, geometry and
contormational characternistics. Freez-
ing-poINt-depression measurements
2 on PBO and PBT mogel com-
counds have indicated that. gepend-
1ng onthe acidiy of the medium_ the
P30 mode! can exist as a di-proton-
aledion, presumably with one proton
on each (highly basic) nitrogen atom,
oras atelra-protonatedion, presum-
ably with the other two protons on the
cxyger aioms The PET modelcom-
DCUNGS appear e preter the di-proton-
alediormowing 1o the lower casicny
C!SThiur al0MS reiaive 10 oxygen

Intermolecular MM calculations (21 ing-

v
Q
[

greatly gecrease tne intermc-
iecuiar altractions, even attne very
nian diglecinc consiants charactenstic
of sirong. undiiitec acias. This conciu-
sioN IS consistent with the tact that
oniy extraordinarily SIrong acias are
soivents for these lypes of polymers
Anciner efiect ol proionation s 1o en-
nance conugaaton (3avornng copian-
anty' betweentne phenviene nngs
andtne aromatic ReterocyvCiic arous
2.3, Thisincreasec siapiiizalion of
e cocianar 1orms anpears 1o more
inanchsel the resulsive eftects of
stenc inierierences. Changes intne
Uv-visinie and Raman spectra (8, of
tnese species upon prolonation are
consistent with this gescribed in-
crease in conjugation. Further,
CNDJ. 2 calculations (2; predict the
crger ¢! protonation within the gis-
F20 modelcompoundtobe N.N, O,
C which s consistent with the greater
casicity of nitrogen relative 10 oxygen.

Comoutation ¢! the polarizabilities of
tne PBO and P87 chains is of consid-
erable imponance in the interpretation
o! sowtion propeny studies such as
fiow birefringence measurements (3)
whicnh are carned out to obtain rheo-

logical ime constants and onentation
prameters relevant 1o the processing
of these materials The perturbation-
CNDO method gave values of the av-
erage polarizability that were unreal-
istically small, but the atomic additivity
and bond additivity schemes gave
more realistic resulls. 1n QOOG aaree-
ment with each other (2). The PBT
chainis predicted to have alarger val-
ue of the average polarnizability than
the PBO chain, since the C-Sbond 1s
much more polanzable thanthe C-O
one. The calculated results were used
1o estimate values of the anisotropic
ratio 6 directiy applicable to the inter-
preiation of flow biretringence cata.

The same structural features that qive
tne gesired noidity n PBO and PBT
€hains also Qive extensive charge 0&-
tocalization and resonance siabiliza-
non. Such characlenslics are common
10 polvmernc matenials exhibring elec-
trical concucstivity. ciectronic bang
struclure calcuiations on ¢is-PED,
127:-PEC and 1rans-PBT chains in
tneir copianar conformations yielaed
panc gans intne axial direction of
1.72.1.62and 1.73 eV, respectively
(2;.Since 17ans-PBT is non-planar,
caicuiations on it were aiso carried out
as afunction of its rotation angie. The
canc gap was tound 1o increase mark-
edly with iIncrease in nonplanarity, as
would be expected tromtne cecrease
N charge gelocalization. No discerni-
bie dispersion of the energy 5anas
pempendicular 1c the chains was Ing.-
catec. suggesting that the neighoor-
ing cnains are electronically non-inter-
aciive, aswas toung earhertforlians-
poivacetylene ana poivethylene (2.
Ali of these vaiues of the axial band
gaps in PBO and PBT are very ciose
10 corresponding values of 1 416 1.8
eV reponed forirans-polyacetviene ,
(2,. @ much studiea polymer with
re.ard 10 electrical appications.
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Conformational and electronic band structure
analysis of a new type of high performance
polybenzothiazole polymers
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T energy Snang strutture anc preferred tminimum eneray ) conformation of the recentiy syn-
teseec povbenzothiazoles (PET A4 and AB type!. representing g new class of high-pertor-
mance Dol Mers were getermined by morecuiar orbital calculations In the case of the AAPBT

e TWO D DeNIOIMIGICle mOreies:

Cramn N MOS Slabie conformation was ontained at ¢. (rolaton anqle about tne bond joning
2C ana ¢ trotauon angle about the bond joming the

Dooecrotiazole Qrou and the p-nnenviene aroup: = 10 In tne case of the ABPET chain,
e COMesDONGING MINIMum enerqy rotational angle (¢ ) was founcd 1o pe 20° Tnese contor-
mMatons aqree taliy wel woth DON theoretical and experimental opservations The calcuiated

axidl bang aaps were T 94 ana 2 06 e\ ior the

LAPBT and ABPET polvmers respectiveln, ang

TESe Vvdiles dfe {10se TG e TOMESponama value 101 ponvaceiviene consigered a protciynpe
etelIncally COoNaUCl NG povmer betause of i1s novel electroniC Droperties ana manifolc appi-

carons
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redprocal wthice vedier and g s the basis vector of the
ranshationg: svmmeirs wiich s parabiet to the chan
anist Toe preferred contormation was determuined

from catculaiing the total energy per untt cellas pnen

] Py

A =
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i Lk dA R

Iotho s the totat engrey it the wave vector A

s vording teotne extended Huowne! method,
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Db = 205 Ik B

The mpat vaiues of the bond lengths and pond angies
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PRT muodel compounds [He! and ABPBT el (17
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Conformational Energies and Unperturbed Chain Domensions of
1 Polvsilane and Polvidimethylsilylene)
W, J. Welsh.*" L. DeBolt, and J. E. Mark
Department of Chemustrs and Polymer Research Center, Universits of Cinaianaty,
Cincinnatl, OUnie 45221 Recewed April 1, 1946
|
1
| ARSTRACT: Conformational energy calculations using molecular mechanics (NN methods were carried
out on segments of polvsilane {-SiH -] and polvtdimethyisilvlene) {-SiCH o;~]. and the results were compared
with the published full-reiaxanion calculations of Damewood and West. The three MM methods compared
idesignated NR for “no relaxation”, PR for "partial relaxation™, and FR for “full relaxation™i difter in the
extent to which they permit molecular relaxation tdeformation) in order to achieve energy minimization. All s
three MM methods show polvsilane o prefer G*G* states over the corresponding TT state by 0.5-0.7 keal
# mol’l, in contrast to the analogous n-glkanes. which prefer TT over G*G* by cu. 1.0 keal mol™. Even G*G”
states. commonly found to be prohibitively repuisive for the n-alkanes and mast ather polvmers, were preferred
* over the TT states by (.4 kecal mol™. Nearly all regions of configurational space were within 2 keal mol™ of
the minima. indicating considerable chain flexibilitv. For polvidimethyisilvlenei the three MM methoa< differ
in terms of predicted conformationa; preferences. While the NR calculatiors predict preferences for TT and
TG* states over the corresponding G*G* states by ca. 4 keal mol™!, the FR calculations in contrast indicate Fi
'* preferences for G*G* states over TT and TG?* by ca. 0.9 kcal mol™, with the 'R calculations vielding resulis .
intermediate between these two. Calculated values of the characternistic ratio C.—. for polysilane are rather
fow (4.02 at 25 °C) but increase with increasing temperature, indicating low chain extensibihity and high fiexibility
1[ with increased occurrence of the higher energy, chain-extending trans states over the preferred pauche states fi -
as temperature is increased. Vailues of C,_. for polvidimethylsilviener at 25 °C are 15.0, 12.2. and 12.5 based .
~ on the NR, PR, and FR results. respectively. These relatively large values refiect a more inflexibie and extended v
chain. The ciose agreement 1 C,.. vaiues vielded by the three MM methods for polvidimethyisitviene), r
P despite the difierences in conformational preferences predicted by each. is a consequence of compensating .
1actors. €
b.
Introduciion Table I :
Structural Parameters for [-SiH:-] and [-Si(CH,),-] Used ' e
Polysilanes, having chain backbones consisting entirely in the Present Calculations . r.
of silicon atoms, represent a fascinating new class of [-SiH,-) SUCHI ? P
polymeric materials with potential applications in such P - - - - .
diverse areas a ceramics and semiconductors. Polvsilane sisi a4 035 R N
1 copolvmers containing alternating phenyvimethylsilyl and Si-C 1.8% Pom
dimethylsiiy] units, commonly known as “polysilastyrene”, Si-H 1.48 U -5
are soluble polvmers that can be melted, molded. cast into C-H 1.10 ¢
films, or drawn into fibers. When exposed to ultraviolet bond angles* ‘ te.
light thev undergo cross-linking, becoming rigid and in- §i~Si-Si 109.4 115.4 .oon
solubie, while heating abave 800 °C converts the poivmers Si-~Si-H 110.0 LS
' to silicon carbide.! Experimental studies’ indicate that Si~8i-C 108.5 ¢
poivsilastyrene appears to bect:me semiconducting upon Si~C-H 110.0 S
addition of chemica) dopants; thus this and possibly other °In angstroms. 'ln degrees. c
poivsilanes add to the growing list of conducting and . C
.1 serniconducting polymers.>® Investigations are also under tained by similar methods for some analogous hvdrocarbon Loy
wav to measure some of the configuration-dependent chains. :
properties of a series of substituted polysilanes.® These ce
results can be compared with those obtained by theoretical Methodology v
1 methods, based on the {otationa) i§omeric stale approxi- Details of the methodology used by DW 1o calculate the i
maton using Fanformatlonal 'eneré:les com_putgd from em- structure and conformationzl energies of the two polvmer N
pmc31' potepna] energy fUnCt¥Ol:1§, to provide information chains are given in ref 9. Briefly, they emploved the em- b
regarding the ;ot.z_ngonal flexibility and preferred copfor- pirical force-field program known as MM21011 after deriving .S
mauons about individual backbone bonds. Damewood and several Si-related parameters. DW adopted the option Y
West ?D“)‘ using fuﬂ-rel_axatxon (FR) eropirical fOrC&-ll”EId available in MM2 for complete relaxation of all internal ok
Lech.mques. haye investigated the structure and conior- degrees of freedom (viz., bond lengths, bond angles, and B i
mational energies of molecular iragments of both poly- torsional angles) to achieve conformational-energy mini- cob
silane [H_(Sﬂé?)&_H] and poly(dimethylsilvlene) [Me- mization. Hence, we refer to their technigue as FR (for o v
(SiMe,),~Me].® The present studv focuses on using the “full relaxation™) to distinguish it from the two other 0-.
cgucutangd structures ;nd conformatxonal energ:xes_of DW force-fieid techniques 1o be described herein, i
along with co.nforr_natxonal energies calculated “":‘h two The two other 1echniques used to calculate conforma- ¢
other, t:ngrehm.mpl_\ﬁed force Qelds, to compute the un- tional energies shall be referred 1o as NR for “no (,"
rarhed hain dimenions (el potlan o it e PR et e, Theviter |
b IR Jee T ne B8 fro;n the FR technique of DW basically in the degree to iz .-\A
T T which they aliow relaxation of the molecule's internal ~
TR e e e T degrees of freedom in order to achieve energy minimiza- ¥oan
*Current address: Department of Chemistry, University of tion. The NR calculations emploved a force field which ‘;’ ©
Missouri—St. Louis, St. Louis, MO 63121, ’ includes both steric {(nonbonded) and torsional terms and, L b
a4
TTTT To s N0 Avcrican (Thamien] Korety B
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Figure 1. Illustration of the polvsilane chain segment considered
in the NR calculations.
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Figure 2. IUustration of the polvidimethylsilylene) chain segment
considered in the NR caiculations.

for all conformations (i.e.. torsionat angles) considered, the
energy was calcuiated without allowance for any molecular
relaxation (deformation} as a means to achieve energy
minimization. Hence, the molecule is modeicd as being
essentially stiff except for torsional rotations about the
backbone bonds of the chain.

The PR force field differs from NR in that, for each
conformation of polv(dimethyisilviene), the energy is
minimized with respect to torsional rotations about the
pendant Si-CH. bonds in the chain. In comparing the
three force-field methods, we see a progression in the order
NR. PR. FR of increased allowance for molecular defor-
mation of the internal degrees of freedom S0 as to achieve
energy minimization.

Comormatlonal energies E calculated with the NR
technique were obtained for the chain segments illustrated
in Fizures 1 and 2 as a function of the rotationai andles
¢, and ¢, with bonds a and d held in the trans (¢ = (°
conformation. The PR caiculations on pol_\'(dimethj.'l-
siiviene) considered the sezment [Si{CH;3,]; so as to be
compared directlv with the FR calculations of DW.? Each
of the 10 methyvi groups in this segment was permitted to
rotate independent of une another about the Si~CH. bond.

Perunent structural parameters used in the NR and PR
calculations are summarized in Table I. The values chosen
were taken from the FR calculations from DW™ as averages
for the most stable 'minimum energy} conformations.
Thus the corresponding C-C (1.53 Ay and C-H (1.10 A)
bond iengths in the structurally analogous n-alkanes®* are
substanually smaller, and the additional ~0.6-A length
of the Si-Si bond relative to the C-C bond would be ex-
pected to reduce considerably the severity of repulsive
interactions in the polvsilanes. At the same time, however,
the additional length of 0.38 A for the Si-H bond in po-
Ivsilane over the C-H bond in the n-alkanes could act to
offset this by rendering the pendant H atoms more prox-
imate and hence the interactions more repuisive for certain
conformations.  Likewise, for some conformations
CH -CH, interactions mayv be more repuisive in {-Si(C-

a: -] than in {-C(CH,),~} owing to the greater length of
the Si-CH. bond (1.87 A) relative to the C—-CH; bond (1.53
A, The C-C-C and C-C~H bond angles in the n-alkanes
are 112° and 109°2*? respectively, and these are nearly
identical with the corresponding angles used here for the
polvsilanes.

For the NR calculations, the nonbonded (NBy interac-
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tions were described by the exp—6 potential energy func-
tion®

Exy = A expi-Br) - C/rf (I

where r is the interatomic distance for a given interaction
and A, B, and C are the nonbonded potential energy pa-
rameters, as given in Table II. The parameter C char-
acterizing the attractions was calculated from atomic po-
larizabilities'® by application of the Slater-Kirkwood
equation.’* Values of B for a like-atom pair were taken
from Scott and Scheraga'® while values for an unlike pair
were given by B;; = (B,B; )%, The corresponding values -
of the parameter A were then determined by minimizing
eq 1 at r,,, = r, + r, where r, and r. are the
“augmented™®' van der Waals radii, taken from crvstal
structure data.'’

For the PR calculations, Eyg was expressed in terms of
the familiar Lennard-Jones (LJ) 12-6 functicn

Exg=A/rt-C/rt (2)

with the attractive parameter C the same as above and the
repulsive parameter A, calculated in similar fashion as
described for A above, given in Table II. These two
equations, eq 1 and 2, yield virtually identical Exp vs. r
profiles for a given atom-atom interaction; howeve:. use
of the LJ 12-6 function obviates concern over the spurious
maximum encountered in eq 1 for r < rp,..'*

As a result of the larger size and greater polarizability
of Sirelative to C, the Eyy potential energy minimum for
Si-Si is roughly 4 times as deep and located 0.50 A more
distant than that for the C--C interaction. Likewis¢. the
Ep minimum for the Si-+H interaction is about twice as
deep and 0.23 A more distant than that for C---H.

In both the NR and PR calculations the torsional term
was given by Eqor = (Ey/2)(1 - cos 3¢). with ¢ the rota-
tional angle and E, the intrinsic torsional barrier height.
The value of E, for the Si~Si bond was set at 1.2 keal mol™,
which is considerably smaller than the corresponding value
(2.8 kcal mol™!) used in most calculations for the C—C bond
found in the n-alkanes.®!*'® This feature will tend to
flatten the potential energy surface of silanes relative to
the anaiogous alkanes. In the PR calculations E. for the
Si-CH, bond was taken as 0.40 kcal mol™. These E. values
correspond closely to those used in the FR calculations of
DW.* Thus, the polysilanes and the n-alkanes differ
markedly in terms of both their structure (i.e.. bond
lengths) and their enersy parameters. and these differences
maniiest themselves in the potential energy surfaces caj-
culated for the two tvpes of chains.

While the PR methodology and more so the N7 -eth-
odology represent sxmphcatlons relative 1o that exmnioved
by DW . they do offer several benefits in that (1) tne com-
putational spéed and affordability of these caiculations
permn use of fine grids and (2) in scanning the tull range
of conformational space trather than seeking energy min-
ima only), these methods traverse the enure contforma-
tional terrain and quantify domain sizes and rotational
barriers needed for an analysis of dynamic flexibility and
configuration-dependent prop?rlleb Such merhods are
thus complementary w the computationally more rigorous

i-relaxation methods such as that emploved bv DW,
\\mch are designed to locate energy minima (global or
Jocall within conformational-energy space. The current
literatur: contains numerous exampies of configuration-
dependent properties calculated for a variety of polvmers
on the basis of conformational energies derived from
methodologies of the NR and PR type si2.19.2-1

Conformational energy maps based on the NR and PR
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Table IV
Relative Energies® and Torsional Angles® of Various
Conformers of Polysilane As Calculated by the NR and FR*

Methods
NR¢ FR
(E)e (0° E° &°
TT 0.51 0.0 0.7 0.0
TG 0.21 125 0.4 121.4
GG 0.00 125 0.0 1253
GG 0.41 -120 0.4 -~111.2

¢ In kcal mol™, given relative to E = 0.0 kcal mol™ for the mini-
mum-energy conformation. °In degrees, given relative to ¢ = (0°,
0°) for the all-trans, planar zigzag conformation. ®Values of F and
o represent Boltzmann-weighted averages taken from the generat-
e¢ potentiaj-energy maps.

termined by the relative magnitudes of z. follows the more
tyvpical order TG > TT » G*G* > G*G*. By comparison,
in the analogous n-alkanes TT states are preferred over
G=G= states by ca. 1.0 kcal mol™, and G*G~ states are
almost prohibitively high in energy 8! Given the prefer-
ences for successive gauche conformations and based on
the assumption that intermolecular energies generally have
only a small effect on conformation,® the crvstaliine-state
configuration of polvsiiane is predicted to be more likely
helical rather than similar to the polyethviene [CH.CH.-]
pianar zigzag conformation. For polysilane nearly all re-
gions of the conformational-energy space are within 2.0
kcal mol™ of the energy minima: this is in sharp contrast
to the relatively high barriers (>6 kcal mol™) and large
regions of prohibitively high energy found in the case of
the n-alkanes.®

Values of the relative energies and associated confor-
mations o for polysilane. caiculated by both the FR me-
thod of DW*® and the methods emploved herein, are com-
pared in Table IV. Agreement is satisfactory. as one
would expect for such a structurally simple and confor-
mationaliy fiexible moiecuie as polvsilane.

Poly(dimethylsilylene). Tue potential energy map for
polvidimethylsilviene) based on the PR calculations is
given in Figure 4. Associated values of (E;. 2. and (o).
<Y are listed in Table V along with those derived from the
NR calculations. A summary of the relative energies and
their associated conformations for poividimethyisilviene)
as calculated by the NR, PR, and FR methods is given in
Tabie V1. In this case, substantial qualitative difierences
are noted among the results given by the three methods.
Specifically, the most striking difference is that, whereas
the GG state is found prohibitively high in energy by the
NR caiculation. it is the preferred state for the FR calcu-
lation. Since values of the bond lengths and backbone
bond angies used in both methods are nearly identical, the
discrepancy is largely attributable to torsional relaxation
of the pendant Si—-CH, groups afforded by the FR method.
That the influence of torsional relaxation of pendant
groups is dominant is corrcborated by the results of the
PR caiculations, which, while allowing torsional relaxation
only with respect to the Si~CH, bonds. show a2 marked
reduction of the relative energv for the GG conformation,
although not sufficient to render it the preferred confor-
mation. Of course, other forms of structural relaxation
(e.g., deformation of the Si-C-H and Si-Si—C bond angles.
which the PR program as written does not inciude! would
be expected to contribute but less so.

Notwithstanding this discrepancy, the three methods
do vield some similarities in modeling the conformational
characteristics of polvidimethvlsilylene). Specifically. all
three find the G*G~ states prohibitively high in energv,
and the relative conformational energy preferences of TT
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Figure 4. Conformational energy map for poly(dimethylsilvlene)
as determined by the PR calculations.

Table V
Pertinent Conformational Parameters for the
Polyidimethylsilylene) Chain Segment As Determined by
the NR and PR Energy Calculations

NE PR
0 (E))* (e z° (En¢ teof
T(Ti 1.0 -5.99 O 1.00  -167 @
TG 0.26 —6.04 125 0.82 -17.1 98
G(G) ~0.0 (~=-2) 125 038 -17.0 89
GG ~00 »6 -115  ~00

° Expressed relative to z = 1.00 for the TT state. ®In kcal mol™,
given as the Boltzmann-weighted averages derived from the cor-
formational energy maps. ¢In degrees. in which 0° corresponds to
the ali-trans, pianar zigzag conformation.

Table VI
Relative Energies® and Associated Torsional Angles® of
Various Conformers of the Poly(dimethylsilvlene) Segment
As Calculated by the NR, PR, and FR? Force-Field Methods

NR¢ PR¢ FE
.\'E\ﬂ (C"C (Ere (O\'b Ee el
T 0.1 0.0 042 ¢ 0.9 v
TGy 0.0 125 0.00 98 0.8 126.3
GiG ~4 125 0.08 84 00 1253
GG >12 -118 c 354 -107.7

@In keal mol™, giver. relative to the energy of the minimum-en-
ergy contormation. °in degrees, given relative to ¢ = 0°, corre-
sponding to the trans conformation. ¢ Values (E> and (¢ corre-
spond to Boltzmann-weighted averages derived from the respective

potentiai energy maps. °Caiculated energy was prohibitively hign

and TG states are in reasonable agreement. While cor-
responding values of ¢ given by the NR and FR methods
are close, the PR calculations located gauche states quite
smaller in magnitude (and thus correspondingly less com-
pact) than conventional values (i.e., =120°).

Values of z obtained from both the NR and PR calcu-
lations indicate that the size of the domain associated with
TT is larger than that for TG or GG. Figure ¢ is noted
for its large regions of prohibitivelv high energy. in contrast
to that (Figur: 3) for polvsilane itself, for which nearly all
regions are within 2 kcal mol™ of the energy minima. The
difference is attributabie to the steric bulk of the methy]
groups in polyidimethylsilylene) relative to that of the H
atoms 10 polvsilane.
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Table VI all-tran~ configuration.  In fact, ti the polvidimettn .-

Values of the Statistical Weight Parameters Computed at
25 °C Derived from Results of the NK, PR, und FR
Conformational Energy Calculations

pui\'<
polvsilane tdimethvisiiviene)
NK PR FR NR Pk FR
. 1.6 - 16 027 0R2 1.2
X 15 . S R as
w 0.n2 1.0 GO0 0.00 0.0

Chain Statistics. The structural information given in
Table I and the dihedral angles listed in Tables IV and
\' for polvsilane and polyidimethvlsilviene), respectively,
were used in conjunction with eq 6 and 7 to calculate the
characteristic ratio O, ... for the two chains. The statistical
welght parameters ¢, v . and « computed at 25 °C for the
two chains based on the NR, PR, and FR calculations are
listed in Table VII.  For polvsilane, the corresponding
(.- values are 4.1 and 3.9 based on the NR and FR
calculations, respectively. The nearly identical values
reflect the similarity in conformational characteristics
obtained by the two different force fields for this chain.
The relativeiv small vaiue of C, .. for polysilane is indi-
cative of rather low chain extensibility, a feature consistent
with the chain’s overall conformational fiexibility (i.e.. no
overwhelming preference for any one particular confor-
mational statel, its identifiable preferences for the more
compact TG and G*(G= states over the ulternative and
more chain-extending TT states, and. moreover, its al-
lowance 1or G*G7 states, whose occurrence tvpically ieads
to reversals in chain direction. For comparison, values of
C.—< at 25 °C for two other flexible polymers, poivethviene
and poly(dimethyvisiloxane). are 6.7 and 6.4,% respectively.

Values of C,,. at 25 °C for polyvidimethylsilviene) were
15.0, 13.2, and 12.5 based on the NR, PR, and FR calcu-
lations, respectively. Given the differences in conforma-
tional preferences predicted by the three force-field
methods, the closeness in the values is surprising. Spe-
cifically. the vaiue C... = 12.5 obtained based on the FR
calculations is only slightly smalier than the corresponding
value of 15.0 based on the NR results, vet the FR results
indicated clear preferences for GG states over the alter-
native TT and TG states where, in contrast. the NR results
vielded precisely the opposite preferences (i.e.. TT and TG
states over GG). These substantial quantitative and
qualttative differences are obviously not strongly refiected
when comparing the corresponding C,_. vaiues.

An expianation for the closeness of C,_, values in this
case and the consequent lack of sensitivity to the AN
method used can be found in a detaiied analvsis of the
sequences of states allowable based on the conformational
preferences elucidated by the MM calculations. In point,
the helix associated with ..G*G*G*G*G*... sequences,
predicted by the FR calculations as having a high proba-
bility of occurrence. is more compact than either that
associated with the . TTTTT... or .. TG*TG*T... sequences
predicted by the NR calculations. However, this is com-
pensated somewhat by the fact that the NR calculations
also indicate high probability for sequences such as ...
TG*TG™T... and .. TG*TTG"T..., whose inclusion of
nearby gauche states of npposite sign will tend to divert

hain direcuion and thus foreshorten the dimensions of the

.chain. The FR calculations predict relatively low proba-

bility of occurrence of such sequences and, in general, of
any sequences corresponding to reversal or redirection of
chain propagation. Thus in different but nearly compen-
satory wavs the NR and FR calculations allow for se-
guences of states more compact than the fullv extended

silviener chain adopted an all-trans conformation, then as
1= a tne caleulated vatlue of O, would approuach o rather
than the values (12.5- 17,01 obtained here.

As would be expected trom the intermediate nature of
its calculated conformational energies, the PR method
vielded C,.. = 13.2. neariv midwayv between the values
obtained from using the NR C,_. and FR calculations.
The value of C, .. obtained from the PR results would
have been somewhat closer to that (12.5) obtained from
the FR results except that the locations (i.e., 90-100°) of
the gauche states obtained in the PR calculations are more
extended than those found in the NR and FR calculations
(120~125°),

The NR results vield C,_.. values of 3.85, 4.02. 4.15, and
425 at 0, 25, 50, and 75 °C, respectively, for polvsilane and
15.0 at all four temperatures for polvidimethvisiiviene).
That the values for polvsilane increase slightly as the
temperature increases refiects the greater accessibility of
the higher energy and chain-extending trans states. Values
of C,_... for polvidimethvlsilvlene) are negligit:'v affected
in this temperature range, as would be expected given the
virtual exciusion of all states except TT and TG indicated
by the NR calculations.
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Translational Diffusion of Linear and 3-Arm-Star Polystyrenes in
Semidilute Solutions of Linear Poly(vinyl methyl ether)

T. P. Lodge* and L. M. Wheeler
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Recewed April 28. 1986

ABSTRACT: The technique of dvnamic light scattering from isorefractive ternary solutions has been used
to investigate the transiational diffusion behavior of linear and 3-arm-star polymers in linear polvmer matrices.
Diffusion coefficients have been obtained for four poivstyrene (PS) sampies present in trace amounts in solutions
of polvivinyl methvl ether) (PVME) in o-fluorotoluene over the range 0.001-0.1 g/mL in PYME concentration.
The high moiecuiar weight of the PV ME sample, 1.3 X 10%, guarantees that these concentrations extend well
into the entangled regime. For PS with mulecular weights around 4 X 10°, a 3-arm star diffuses slightly more
rapidiv than its linear counterpart. However, when tne PS molecular weight exceeds 1 X 10, a 3-arm star
diftuses much less rapidly than its linear counterpart at the higher matrix concentrations. These data are
interpreted as evidence for the importance of topology in determining diffusion rates for polymers in concentrated
solutions. While this observation is consistent with the reptation mechanism, it is also apparent that reptation
cannot dominate the diffusion process until the diffusing molecules are thoroughiv entangled with the matrix.

Elucidation of the mechanisms by which poivmer
molecuies in entangied solutions and melts ditfuse, relax
stress, or renew their conformations is an aim with great
practical and theoretical importance. Over the past dec-
ade. a large number of experimental and theoretical studies
have been undertaken to examine the validity and range
of appiicability of the reptation concept: the subject has
recently been reviewed.! For polvmer melts, diffusion
coefficients measured by a wide variety of techniques are
consistent with the M - power law, which can be considered
the signature of reptation. However, the experimentaliv
weli-established M** power law for shear viscosity is not
in agreement with the reptation prediction. It is not vet
ciear whetner this discrepancy can be explained by mod-
ifications to the basic reptation nypothesis, which was
originally proposed for iinear chains in fixed obstacies.”
or whether fundamentally different molecular-level pro-
cesses need to be invoked. In polvmer solutions above the
coil uveriap concentration, the situation is even less clear.
Reptation-based predictions for the moiecular weight,
concentration, and solvent quality dependence ot the
translational diffusion coefficient have all been compared
with experimental results, with distinctly ditfering degrees
of agreement.t

The solution situation may be more complicated than
that of the melt due to several factors including the en-
hanced mobility of the moiecules surrounding a test
polvmer, the role of solvent quality, and the concentration
dependence of the monomeric friction coefficient. Among
the possible contributing mechanisms that have been
suggested, in addition to reptation. are (1) constraint re-
Jease, or tube renewal. in which a test chain moves laterally
into a vacancy created by the departure of a neighboring
chain:** (2) the “noodle effect™, in which a diffusing chain
drags other entangling chains for finite distances;’ (3)

Stwokes-Einstein diffusion, in which the test chain moving
as a hvdrodvnamic sphere experiences only the bulk so-
lution viscosity;*® and (4) diffusion through a field of ob-
stacles that generate hvdrodvnamic screening.*** To de-
sign experiments to distinguish among these possibilities,
given that they are not mutually exclusive, is challenging.
One promising approach is to compare the diffusion
coefficients of model branched polyvmers with those of
linear molecules under identical conditions.

In the framework of reptation. the presence of long-chain
branches should severely impede translational diffusion:!
studies of 3-arm-star diffusion in the melt support this
picture.'™"" However. apparentiv no similar studies in
solution have been reported. The pioneering diffusion
studies of von Meerwall et al'** on dilute solutions of
3-arm-star polystyTenes. polvisoprenes. and polvbutadienes
did extend into the semidiiute regime in some cases, but
not for sufficient.y high molecular weights 1o expect en-
tanglement. These NMR measurements were performed
on binary solutions, Le.. identical test and matrix poivmers.
and thus represent a difterent physical situation from that
examined here. Nevertheless. these authors' conclusion
that 3-arm-star and linear polvmer diffusion behaviors are
qualitatively indistinguishabie is interesting in light of the
results presented beiow., The importance of pursuing
diffusion measurements in entangied solutions is under-
scared by considering that, unlike reptation. none of the
four mechanisms listed above explicitiv considers the to-
pology of the diffusing poivmer. As a result, linear and
3-arm-star polymers with either equal numbers of entan-
glements per molecuje (cases 1 and 2) or equivalent hy-
drodynamic radii (cases 3 and 4 should diffuse at com-
parable rates. To test this hvpothesis. diffusion data are
presented for two 3-arm and two linear polvstyrenes (PS)
in semidilute solutions of linear polvivinyl methyi ether)
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Ethylamine and Ammonia as Catalysts in the In-Situ
Precipitation of Silica in Silicone Networks*
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The Unwersity of Cincinnati,
Cmcinnati, Qluo 45221

Both ethviamine and ammoni i aqueous solutions cataivze
the hvdrolvsis of tetraethviorthosilicate to precipitate sihica
filier within poividimethvisiloaane) elastomers. The rate of
filier precipitation can vary i a complex manner, possibh due

to joss of colimdal silica and.

i the case of the ethviaminme

solutions. deswelling of the networks. Increase i catalvst con-

centration ncreases the precipitahon rate.

and increase n

amount of filler precipitated dramatically increases the modu-
lus and ultimate strength of the networks, thus demonstrating

the aesired reinforang effects.

INTRODUCTION

Sihcu filier mav be precipitated inte an already
cross-limked elastomer by the hvdroivsis

-4 '&’C:Hih - -:H:O — SIO_' - 4C;H:OH 1

of tetruethviorthosilicate ;TEOS: present as diluent
in the network structure (3-6 . The concept of such
an Tin-site” precipitation is novel. and of practica!
importance siwee hard mineral filiers. however 1n-
trocuced. can ne considerabie reinforcement to

n elastomer \T-11.. A vanen of subpstances have
been found .27 to act as cataivst for this hvdroivsis.
but ver littie has been cone to characterize the
rate of the reaction.

The present studv concerns the use of agueous
colunons 0f ethuiamine anc ammonia as cataivsts
1or this in-situ precipitation reaction. Tnev were
chosen in part because of their volatilitv. which
makes them easy to remov e from the filied poivmer
network. O priman interes: is the effect of the
Ny aroivs1s CONAINONS OL € amoun: oF silca pre-
cipitateC anc the elastomeric propernes of the re-
sulting filied elastomers.

E{PERI,\IE‘\T.-LL DETAILS

The neruor"u i
two sampies 6 hyvcrox
visiloxane' PDMS:

® from
arec 70(- cimeti-

—bi‘CH;'_-O—j naving nwm-
per-ay erate motecular wersnts of 5.0 andé 21.5 x
10° ¢ moi™’. respectiveiv. The sampies were gen-
erousiy provided by the Dow Corming Corporauon
of Midiand. Ml Ther were tetrafunctionaliv end
iinked ustnz SitOC-H: . with stannous-Z-ethvines-
AnOAte as Calalvs:. it the usual manner .12 .3,
The rescluns networks were extracted with tetra-

THrewwet W Bar & o merans of e Butorr Dntuon of the ameruarn Chenuem)
Mty Lon Amerw 1WhS
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bydrofuran and then toiuene for several davs to
remove soluble material (found to be present to the
extent of a few percent;.

Two series of samples were cut from the ex-
tracted and dried network sheets. The first con-
sisted of a large numver of reiativeiv smali pieces
to be used to obtain the amount of filier precipitated
as a function of hvdroivsis time. Tne second con-
sisted of a smaller number of larger pieces. in the
form of stnips suitabie for stress-strain measure-
ments in eionzaton. ‘The dependence of the wt
percent filier on time and cataivst concentration
can be expected to differ somewhat for the two
seres since the TEOS nvdroivsis and its joss to the
surrounding solution would depend on the ratio of
sampie suriace area to volume. and thus on sampie
$1Z¢ and shape:.

One strip cut from each network sheet was set
asige as a reference material (0 wt percent filier
The other network strips v.ere swelied with TEOS
10 the mauimum extent attanabie. which corre-
sponded to a \oiume fraction of poivmer of approy-
imateis 0.5 and 0.2 respectivelr. The swolien smips
were then piaced intc aqueous solutions of either
ethviamine or ammonia. at 2 seres of concentra-
tions. The hvaroivais of tne TEOS was permitied to
OCTUr a1 TOOm trmperature for vanous penods of
e, anc vaiues o) the wi percent filier incorpe-
ratec. were oblined from the weights of the aned
strips

Tue stips cut from the networks were used in
£I0NZAN0N eXDerments 10 oblAIn the stress-stram
wotherms a: Z23°C 12-15 . The elastomenc prop-
eres of priman interest were the nominal stress
CWHETE 718 (he equiliDRum eiastc rorce
and 3¢ the undeiormed uocvse:txoual area’. ..nc
e reducec sTess or moduius =18 [ Ti=
— a “rwwnere a = L/L. is the eiongation or relanive
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e L thie stiaps Al stressestram measurements
wers carned out 1o the tupture pomts of the sani-
pies. dwere generally repeated mopart to test for
repodueibilin

RESULTS AND DISCUSSION

The rates of the precipitation reaction were stud-
ied through plots of weight percent filler acamst

case of tie networhke having the larger vaiue of the
motecular werght between crosshimhs, and this s
probabiv due to larger losses of TEOS and silica
trom the large “pores™ 1 these networks in the
highhyv swolien state.

tme. Tvpical results for the C:HNH.-catalvzed : .
svstem are shown in Fig 1. Although the rates < v % ;1/ -
merease with  catalvst concentration (61, as ex- a® ' . -~

* hd i

pected. they are seen to vary in a complex manner,
One complication is the deswelimg of the network
due to movement of TEOS and the byvproduct
ethianol 1o the surrounding aqueous solution. The
ioss of TEOS should be smalier i the case of the
more dilute C:H<NH: solution (since it 1s more
v drophithei and this would expiain the relativel
sunple monotowce form of the corresponding pre-
cipitation curves In the case of the more concen-
trated C-H<NH-: solutions the curves leve] off. be-
cause of the TEOS nugration. and then turn down-

[ 14 e el
1, mn
Fuz 1 Mewght percent filier precimtated shoun as o function of
] 1 ;
e jor severai IIIIL(‘[YHIIU(' sustems The caretes locate the results
tor 245wt pereent etisiamme and the trangies the results jor

LR L S, e

wXE L rwm’nm-

; L ; X 25 0wt pereent. the open sumbols are for networks hoving o
ward, presumabls because of loss of colioidal sxh(_'u. ioivcular wegilt petween crossimks of A0 % 107 ¢ omo!™ . andd
At constant tme, iess filier 18 precipriated i the the filred sumpols 21.3 x 107 g mo!™

. Tabee 1. Reacbon Condroons. Amount of Filler Precrprated, and Utbmate Properbes of the Filled Elastomers
S Reacbon Conoruons Umimate Propernes
11 L W: o Tme, W % . 10 E.
g mo!~ Catatys: Catatvst mm Filer ot N mm~* Jmm
gl otheNey 2.0 C .o T C.53¢ C.547
25 1c2 2.1 1.05 0478
5C 245 1.60 T AL G 4c”
60 26 4 1.8C 1.6¢ £.800
. 80 3TE 23 2.€5 ©.BE
280 22 204 z.00 1.38 €711
ki 25 & .32 2.3z 1862
45 K] 1.82 .22 T2¢
35¢C £ iz 1.82 C.E50 ]
12 3¢ 2.0 .08 c.esr
2C 3 nET T3z C.63€
6(.: 230 158 1ET [
522 z TE .07 1.0C €563
11 el T.2¢ s ei]
20 T G 4z C.B6S £30¢
. 42 122 1.66 1.6¢ C.57E
>3 CoruNr el 8 ct e o257 c2e
75 238 5 125 £.99e
me 3Te 2% 74T 1.CC
180 & e S 48 £
[ gL Nr tr e c. 16 Caos :::c:
€z 1C.C T.8c C.ECZ C 42 ..
¢ 160 2.7 T2 0 692 T S
138 28 & 273 2.2 CE1E
. 148 22 188 2.0¢ 0.8z
10.¢ st hpoin TE C.6Ex €3¢
= 18 2 TZ £oer ot
&2 <TE 1BE 3 ]
g T 1.85 hivesi C.6eT
L T 3 X 225 t3¢
.z i X3 = LT C2el
z =" ot CE3¢ z
74 373 1.6E 188 062z
E” k2 TAL 5.8t el
30¢ Pl IE b C.E3¢ c.zer
k's P cBZ CE™ L™
3& 200 2" 1.8 T
- ——cr - POMS
* Baospanen &t repmre
© Unnwnase e as oy SR I DL
* Bvergy secamred 1Or N
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The rate curves tor the NH-cataiy zed ostene
are e smtar to those tor the doute C HNH
NEME o that the wt percent filler tends to -
crease conotomceally with trime Thas many be due
to NH: having less afhunty tor the TEOS. which
wouid decrease the amount of network deswelimg

Intormation on the amounts of filler preciprtated
mto the actual strips used 1 the stress-stram mea-
surements 1s given tn the first five columns of Table
I Tvpical stress-straun 1sotherms obtammed as de-
scribed above are presented 1 Figs 2 and 3. The
data are shown i the usual way (16-187, as the
dependence of the reduced stress on reciprocal
elongation It 1< mteresting to note that mcrease 1n
wt percent filler does not alwavs ncrease the re-
duct ! aress 1 This must be due 1o differences
m tho uature of the filler particies. m particular
therr average size, size distribution. or degree of
agglomeration [charactensties wineh can be studied
by transmission electron microscopy (3)]. Also. as
i frequentiv observed (7-11). some of the iso-
therms for the more heavilv filled networks did not
exhibit complete reversibility. In anv case. the pres-
ence and efficacy of the filier are demonstrated by
the marked mcreases 1in moduius, with some up-
turns at the higher eiongations.

Thne data of Figs 2 and 3 can aiso be represented
m: plots of 7 azainst a. 1n which case the area under
each stress-strain curve corresponds to the energy
E. of rupture .13.. which is the standard measure
of elastomer toughness. Its values. along with values
of tne maximum extensibilinn a. and ultimate
strength /.7 are given in the last three columns of
Tewtr 2. Althougn the results show some scatter. as
1> generaliv the case (15, some trends are apparent.
Tnus. increase in wt percent filier gecreases a. but
increases .°. The latter effect predominates and E.
imcreases accordingiv. In some cases. extremeiv
laree jevels of reinforcement are obtained. as 1s
iifvstratec 1o Fig 4 Such networke behave neari
as thermosets. with some brittieness (small a.:. but
with extraordinaniv large values of the moduius
Pt
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e
i
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z e L
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- - R el -
- 1 ' < |
i i . !
. e |
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Qs TN — _
L -4
e, oo
Ca_ !
ac
OO
cs .
2 O (-7 3 Qr (¥
=
Fiz I Tne recucer sress snouw oo ¢ otuncnorn 0 rectoroce!

rwongation. at 2550 Jom tie FOMS networks naving Moo= 5.000
anc farc 1t 20wt pererms CafsNT s Sowwmion, Facy curre
Welec with the T DETOPIE RUET DTESPTL I ine ReTLOTA GNC Ine
rexuits 1or the unfilied ewastomer are mauaec
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bealinnd

02 O (17 (1]
n—l
Fie 3 The reduced stress shown as ¢ function of reenoca!
cromgation Jor te netu orks wavme Moo= 50006 and filled w e
S0 wt percent CoHONH soiution Filied sutidais are tor results
ablamed anl of sequence 1o test tor H‘w’ruln/!lu
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th y/
: e /
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o, et -
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Fiz < The reducec stress siuncvi as ¢ Tunction of recprocal
elonLenion 107 networks prrmerec wo¢ 10 0wt pereent NK: sotu-
non (35 5wt percen: Riser. . and g 13 Ut pereen: NR i sonstiorn
.3~.2 ut pereent fiter

Correlation of resuhs such as these with mfor-
mation on the parucles obtained from scattenng
experiments are In progress.

ACRKNOWLEDGMENTS

1t is & pieasure to acknowiecze the financial sup-
por: proviaed by the Nationa! Science Foundation
through Grant DMR 74 15905-05 (Polvmers Fro-
cram. Division of Matenaic hesearch' anc by the
Arr Foree Ofice of Saentihc Research throuzh
Grant AFQOSR S5-0027 ‘Chemica! Structures Fre-
crarr. Divisiou of Chemi . al Sciences'.

REFERENCES
1 ] E Markand $ -] Far. Makramaol Cnen:.. hamsd Comn, | 3.

681 1uil

hanz and ] £ Muarn Masromo! Chemue, 1830 2606

ri. Foium Eng Sev 24,218 714sy)

v Tanz A Letton anc | L Man. Colme Fowm S,
62, w9 1vSg

SFoNmz MY Tang, €AY Junc JOE Manc and WL C

168

P WALl 38 P e

MR e g e

C e W s S e




li

il
Vs

170

Y £ N and | OF

Foogn Ser 2403204 basy
St Mareand Y b N Fonme bt 1240 0 tusy
W1 bobear 1 hutber Technoioey” ba by AL Mortar.
Vs S ot Reonold New Yorw 1497
Vb SVacaet huboer Cnene Techn! 4%, 708 (TN TE
L L Warrick O R Fierce K E Poinunteer, and | C
Saarre hmimer Conene Techinal 52,437 (147Y
h B buondra Foumer 200691 (97T
7 Raghn Ady Foon Ser 360 21 (asoe
] B Mark oand ] L Sulinan | Crens Frus 66, [One

15
i6

Muark

[y
ACOA Liorente A L Anarads and 3B Muare b
Seo Ko Pugs Bl 40621 Tus]

NCOA Liorente A L Anarady and | L Mark | Pl
Set o Powgmne Prgs B 1A 2263101980

] E Mark. Adv Foium S 44,1 (1982

1 E Marhand P 1 Florv ] Appl Fous 37, 4637 1149b6

L K ( Trewar, “The Phvacs of Kuboer Erastons . Clar-
endon Press Ovford (14975

{8 ] E Atack. Kubter Chem Tecimna] 4%, 49514975

POLYMER ENGINEERING AND SCIENCE. JANUARY, 1986. vo! 2€. No. 2

e R, =

> .
Re 4 o g Vet ppor
o s -~




ji9n g bl

3 Sysunbel jusido oW u]

Joo Aubtidue 5 (botmoyy Uuxxg ooyl ju edsoly N Y TNQ Aq pupravad Ljsnuisuod

aua EE I VIS T T I8 ua 1K [Hov VW wBL Il Juquiu B piy
.y LR Jiwied oy s qpun Jvuder pajeingusun g fow ¢ Buruiu jLug
iy cduaduggbd Aty b sta pedopdus opdues ylg el

E{TEIeg [euowt1edxy

Cagnwsd i Bow WHEEgLInby BULjluns puE ULEIIS 859135 WL 9 [qiudeds iy

Ado o goeiu

(4 v pel) o slaetiow s ooy ssuudout JUsILLpes wsu) (s

T e R T N A BE LR L R poavdiotiuy s 3] Tavien e
(uwtd, ...r:_,,._i:u_,:.:._ foqut]-sadis ¥ wgut bujorired  wpi¥v s by

taiiey wirgidioerd G pusi b (-1 vRIVIND 2Lidey g sisdjoapiy nlls

[RTY Ssotbuyeag umy weuil o aud lyde s Lol e jouaut Judsuad wyy

tsupatiitd (Eorlends wed) uede JUoweolug:

Clavsius o dud soad sy M N PR TR vc—g_..r;_ eyl wdvndlutw

G upatss ol s 31 feses sy Uy {ulfo) PILel) 2livudiu B Ul pegiti| o swule

st v dorid towe [od B 0T pusledstp ed® Yoiym salotistd Ltguudea
S umt wnd saauAtE Bluwedub {9 Sutoaujlileld oy yoeordde posou soyoay

Ceel¥uL Ty puE
S ju masAluibAY Ldle-UL ey Ay pootipuead (g'y) wrue Ll puv (('y'y

bl

L) botpie wplatke Jug tuahbn slwRiel B ju Uewy eaby IVl pru ey
u.—l..r,,_ Uyl e |v) eyid ju v sbdowo |88 Ju wulBup wyy denu bunld
31 peagueo ey et oviabruyeoy Jesou eyl jo sedviugapk uwyl Ju ouy (g 1)

[etaoibw Jllowedsbily puolujuled ¥ wotipuid w1 dewlpud ok vaut postaidiousd
oiv sopordind G 4oign B sorpnds JU dugieed B oluoyg aud bl wled]

uo13dnpuIIuy

“dut[lums JU vdidop whiigipiobe

Ol et slepow UOTILBuoe wqd 4Iog duf puno) sva aduagusiee quesijradie
R v e P T C X I B T P PV PR TVR (VIVI NP 1Y (VS DT R IVIVE RRVENTE RS
Phing sed Bigsodl PUllo) stad dufll) eyl Cavjofditd opixe enulpay sty
8 Gy plwr vlidbdrw vl puzh{odpay ueyd sem yuiym ‘Lpgeg snuapfque
Gatm gy oathsoadel edum dogd 1ring poitbs vpiroaad  Joo sodurg

£ avuzs

VSl 1Eehy HO tutiu)
G e Apadtia) ) gy Yot uhagg g AUy ung) put fpniinon 3 o oot ag

W AT PUEDY S

13wolse|d ue ojuy sajonsed 13y apIxo uol jo uopeddald

T R LI T R

uijaing 13wAjo Coot) e e b e




stpnjew 9yl faandiyg

e Merasertp 8y ut rogdeyg s
cquauod

Gy a1 puEe Sspyel Quy o eaty uwn (e Ul Umoys st sw tosly
IR ET BRI B R A Buisparout epertudeg S1E qa tyoapje Buidiujural
Fuoils € omy sinemiiedxa fusuo Aug uj

s(z1) eleds vl aqrped
oy wnp aq Aew siyf ssnphpem Ul PSEUIDUL UE SSHEI Bu'p
[EIRER R SR LIS LR ERE S A Apjerivessy sey (Arvieow ol ! asgaraul)
Rl ut wsEaraop g seluoipud PXTS it 9Alg nied  puy o feway oyt
omy 11ed 1oy sygonsel 9yl go vos pvdwoy cwaysks 21doryost Kppeotuetoow
Apieau € an1d  pinoys Poty umu..:.u...a ¥ jo  @otiesqe ol Ui 1ugity oWl
gurieidinaid vyl uoriadxe a1 witjued swIAIusT Ju s1red oml axau i)
3o yaiog csnjnpom Uy oduryy o111t Alon $3SNED ivAJol g1 Ul posjossip

1504 pozdyotpayun Iy aE1lsucEAp  §juewiledxs ju arwd sy eyt

syl T:__,.:;_ srm

ajviysuouap LpiHagpe uaads ydna)
atow ate ey separased seatd pd mop vy asey vl
nq ._cu_:_;_f._._

TE R T twuea1d oy

topqel oqY )0 enty
je sonjea atjowds o puw fpoenidg
1w}

(0 = A‘T :c:mu:o_.. :.:._,:.7:
waplouny B OBE UAOYS @1¥ satrgua g

ur uorjeduoie jrooadroer gu

() (-1 - BN/ = {,1!

psnnpom 10 582138 padnpai ol ERUR LIRS U2
Y Bo18 [VUOT103S.§5010
a1 JO  BulL{UA

Yi8ua sAatIE[oT 30 veriedus e ) pur .c

gy Feotag ovasele ol o) sugea  wniaglpinbe

Udyssnas i pur sI{0SOR

1B euazuag UL fsjuamsIngen wnrigtpinby
potiavd

saanae tadizay moos

GurQons o] poen sTA 1Rs oo oy csuted arnpdor 1o 03 ano

cediags  (uopluasuny 241 jo 10N suo w0 (nefel) devuta

B1am sjuatoInst.
SUsWI s Lo VYIS, 560135

resn aqr ut paonrNul Vion uortduoya uy

csmor udre sk gl Jo

suwn(od Burpucdseries oy ut proty 9ql 3o ssuatasd ey ut pappry sdraas

1831 91 puE Cpoepary jo smotl x1s 3s31j AU} PUE suwned  1hag 1511) el Ut
pequiosap a1e sdrris 2auaraga1 oL Spiaty otdeudvw @ Jo souosqe o1 U
paiedard siaays cny woly Kieryige
ur  sdinis Burina Aq  poutiigo a1om sd111s  2ouvlejut  |EVOLIIEERE 3O
s1ied omy FSPISEEPALER) g pozkjoaphqun yite paiYy roak ol g 1eons
B owory pue ‘frewkpod popprjun go deous B wo1y ano wism sdiias oousrayar
om1  ‘ucstivdwods 3o sasodiod 10y
101430 Om) pue ‘er10) JO sourp i loudum oyl usoq pry TR 01 () (opvavd
soxp dual 1rteyl Yiin 100 orom { uEB (f X % X 1-) sdiags jo sju8 ©M]

4

SHOTIII TP u:ilZ;.Ef:; Lppenavw ang

(T) .m_:g:.:.:_..:_ 1My olsm Slos

“(81) um_::un:_—;:r_ Lquo zeaiey aaa pue

e Apquqod stogouts prety Srieudrw ¥ 0 21ud puaodses

Bt Ju  estEaug  afyraatiou
fpsup1ly paiwtune

1) Stroudrmo1io) 0lu
plIONS  optx0o  auwiog ot SIoqua pael AIWP
Krwa ST Hoiym ileg 1 01 poatd g el o uoniv
srngetadinoay moyp Apoatieer st jo @S 1y 60§ maeq Jdan sen sinjuiaduag
Furkip oy S rem auugsue 0 GANDEA  Qaptn putip u2gl pub ErEIA <90)
i Septuns yore Ul OqEsIA Apiveyo sk jlOK
s Apguesee

MOy paremal i saptues
PR R T unpeard ey csay o oyz 10y D ohut vy peave
alpaua g puE fusiity 0 yiduaals gty v durrey

38 Juaurm !

CALCEYG o
i RLSPL] Uyapunas oy Bt AowAped e P

Wowl J¥ duaTdog U] 5 ¢t - 1 BOT RS e
tuaauy Ju boul | J1enduw 0] a.:._:_... Tia, s
1t 16870 (] T
Lt [24 9T} €9y /"
ERAN 96270 L9 1 [
C | 9820 96t "0 I [
CIa 1eu tveo T L
ani lue "0 29270 i Ly . m
A | ARV 86170 T PORN 1
[ B [4XAN"] 86170 Vi .‘w‘._ 1 _H
91 (v oue o - .
VI Stv 0 tuvu - NWN “
(V74 V] S0 - .
1371 usy o 19y - MMM ”:.c
\ U N
- - o - S1l°¢ -
- t910 - GuQ - !
' z T . N
i1 P A Am [LERNTS) pUOLIFJUOT Y 19y ($11aeqoy) B E)
wioiaqryreby Jurgg.
putiratitiby Sutppons ) teixy M Coten ol

mw_u_.,‘:‘,m 30 :o._ wiedarg

s)nsoy duigiaag puv ‘Lnpoy vorivduogy ‘sojdeeg jo worywaedoayg

1 21981

[ 50 o
jo sapad M:_ Ueamloq poltnow sem  [ELA Yoby ] J1qPL JO uunod puod
el Ul Udaan EER PN LR FEIT Ry ) y oty
. v . v ' . L4 -
R cu.__ﬂ_ .:..” e proe oviopyaoapdy o suuinjos  stuanhe
1t 1 v opeovpd pue ssourap Gy pogviodess
s e : . u o1am sapduss ot
151°0 ©3 1000 woiy padues sopdues vaprons vsoyy uv sewhjod jo :e_uéuw

owuntuAa ot -

mc:_ i Q.._ Ju o BINEA 1Y y 20J BUCTIN|OE IBIY) JU JUO Ylim pI]|mE
e g g aE ! :

e 1 ; m_x,_ PeIdR1I IS YouEg TUGTIRIIL] &g puAOmal aiem A jQnusu}
270 wBUrl ouy) Ul saldplEjow rutwod BUiAEY SUOTINJOE  JU 31108

w».x ,.. . .
.\..;::.7:,:T:>.chl...foenA:;,_.:i,::_;u...:au...:::.;;c«..
. " . Y Am . - . &

VY pelineng poactial g0} bLOTOBI] OB Y] cdurfap .:LML. cx..\_ ¢ _~:c
1 B s 3odure 3 A . : Toeaane
uy .::_w_:._ woor g enoivy 14yae Agaew perrtas K1uaed yam .NJ-C‘:.@

SEM UL ; . : : , ! e

o :.:._H ot ogoey I oy 10l D L06 1 Uedeitu depun poaand gsod pur sp e

o vocw _,_.:w:_r._ Lol eaon soldubY Byl fTurw { I0F G (421 IF IO poliied
BRI UTART | . BHGID w1 Ju ode)s S , BN -

e — ] I8 1511) oy PAIUaE U B1om yaiym

it possead exbm sucigrod pur 0
Aq baand 4y oplues vig) oqut g ) _ I en

Pualq sEm apixosed  pAozuay CIN ‘vepury

L




aD-A190 708 HI

N AR

UNCLASSIFIED

F/¢ 176

' gc mﬁﬂa&aua,}imm?um ¥y



N Ay st s camma o

(1.0 B e
ll=: i
' X
= &

lizs i e

v RESILLTION TEST CHA -
£a S STANDARAS = ga




3 (861 ‘0¢ Avy purdeddy

*(0861) €927 ‘81 ‘'PT ‘¢A4y rukjog
coy55 Cwkyog T ‘wien 3 Cr pue ‘Aprapuy T Y ‘Iudlop vy R T0

T Toe

A\l tweyd [ .Cﬂ?m#—:m ‘1 °f pue Wiy 3 ¢ 61

*9561 ‘3104
AuN ‘19rausy3 ‘2 oA 4138 1weq) djuvdiou] Lo IsLIBA], fhuvy *H "Bl

*(6L61) BOTL
us oA C1ddy CF ‘yltwg cm L puw ‘oloy,0 *d W ‘SYITIIVID ‘n D (L1

“(1861)
UuU ‘ST ‘'pd "eAqq CwR{og ‘13§ ‘wk(0g [ ‘Mi¥W '3 [ pu¥ Uns 3 ‘3 ‘9]

*(ewol) sl *§97 *t¥35 -wAyag projyop ‘opaeliien "3 gl

“(Llol) Yool ‘99

“(sBol) €y ‘g1 *°V2§ ‘a23Ey “Asy -uuy ‘orsalniwy a1 cyl
.

“(vg61) w089
©g9¢ ‘-1os ~wk|Gg plojI0] ‘1jezQ "W puw ‘2iaol1iel 3 ‘11a402BIy S ‘g

“(8L61) 60 ‘L9 ‘135 ow)1aIu] pioTiod Cr ‘omadlnivn ‘1 il

“(9L61) we ‘19 *-¥9s ‘wkiog proyion *3o1g ‘sisefrivn t3 t1l

“(iwbl) 000 *ge ‘t13§ rwk{og ~18dy T ‘3avR ‘3 [ puv 1uONOS '§ "D "0}
“(s861)
(9¢t *er ‘cpa cskyg cwhiod ‘-1og Cwhiog T ‘dIBR "3 [ pu® 1631y "z

C(28ol) 1Lz ‘L ‘unaring cwkyod ‘waed 3 Cr pus Juep cg-°g .

3

g

T(ygbl) 198 ‘U81 ‘d1waYD [OWOUNER ‘AW °F [ pu¥ g g H °{
9

S

S(ygbl) L9l ‘9Z *°Tog ‘9uz ‘wkjog ‘wiey '3 °r pue FUIN "g-"x
“(s861) 1601 *12 *°F “wkjog ~In3g ‘jiey "3 ‘[ pus ng *g 'y

“($861) 690Z ‘9T ‘IdwTog
‘Yioyg "y "M opuv fBuel -ty ‘duRif "i-"3 ‘Buiy *g-"a “AivH vy [ -

*(s861) $Z¢ ‘yi ‘Uraeygng -ufjog ‘ing *g ‘g puw AIeR ‘Y [ g

“(sHb1) blst ‘0¢ *°138 “wk(0g "1ddy 'f *Wley "3 ‘[ puw FUIN "4-"k T
‘uldlsyl pulld

sioded queaviwd pux ‘{sgel) yvi el Cr .EN_om .uuﬂm iey oty f 1

§adud1ajey

*(s93Uu10y
Jwolwuy)y JU LULsIALQ ‘wEiBulg sodajO013s [EIlweyd) (Z00-L8 ¥SudV uELY
eI yDLiuusoy D1jIIBelayg JO waljlg dsiud 1Y eyl %L pue  (uulstaig
oataldy B{¥liviVR) JEQU-A-Yg-L O IVVA LD YENOIYT ¢ILj 0 YIF¥asuey Lwly oyl
Ay poptavsd Jauddus (wpduLUl) eyl edpulnvugie 03 dinsuufd ¥ @y 3]

s3uvwadpaaoulyoy

cavuriivdwl (¥luewrpun) se [{9m su (#3133%1d jJo @q pjnod ¢

REWITITY ST v Butew A4 jUJIuud 831 put  fadoslusiug pesdisyu ayy

Plel}

{
“(01) pOAIssqa Luuqg Os 1y s, B 5 e
‘(6) ®IInsaa 19114y WECm :uhﬂ u:zbﬂthxﬂ ui ~.“WPNNHM~“MMCQ~h”ONLM Mlu “:A
USTIIGILE AU IUME PoutulDIP wy) esuD v_zw Uy taeyqig N_un :% mm”M“u“u
mum: 35u21ouy  Ljjviouaud Susluld P Ayl pus :o_uwwh_t Lz_ru_.:guucw
i up (Jugpjens B69F) Iv(jvus 418 Y Busy u, n;w:p.uc_.c;u .~c.wu_uhzg
uj ‘IIYrl Wyl jo :E:_cw Teuly o4y ux Tr«;Caw. sdiags w:~ jo :~h:c. ot
Ut s9suoldug Y3 49 pue “a 3O suhea ayy 4Lq vwgzuuwccsct s¢ ‘duy . .uu
Ul poAaldsqo sy >a0uuonu:= SWos ‘unjy ‘peIdudxe s I, crzcuuﬁu_harcm~w
ST 12111} ¥ as Uy eswoadul ‘puaoucd ug fOlYE] eyl Jo Xis :E:_cm :-u:c>cm
1¥ salijea s3] “(suobriedwod jJuusuad ¥l uy v‘uc:x_.mcnsc 1 .. tm
Jo eumjoa ayy HYi1m) diomjeu “yy ur Juusoad LLE>~CL uo.n> Lc.ngv__fﬁ: ““
Y3 JO BWd) UF Pu§radsdp uilj odr BANsad wnpaqiiinbe u:__mnam w;h e

‘ N t14dnoy Juteq £jjuassad
@2 vuuhuuc nm:u vLiwixew  Jeyy m:cmumt:cu w4yl puv Pley) u_u‘:WnE o0
jo v:cnw A9 poviviqu Alsnotaqo ses uoljeiuel o e_u_u.ra.aﬁcw. A1) Y
I8 UL 9SLOIDUYL Yia bobLedull wolldlufjip w4yl puw w3iuj Ju suuly u_urrwwE

1 219¥) 9vg  cjuaseid ji ‘plery ayjeudiw i3 jo adi0y
JO soull Wyl vl wAatEug apduvs  ayy uu stEV duoy oy jo
UO1Jvuetio wyy pus ‘syshjorphy Eoey 243 ut busn proe wyy
30 Adraeow Gyy ‘ubwuiseja o3 [T 1;~:.~L.»c.u LL___g
I8 2y A8 sjoqel Yy cnLez v :c_~=u::_L uy r;.:uur:.z_u
VI 2ug SwaGyUsSy UTELIS.Syoas c>_.:~:cmchghm “q :.:w_“

-1o'eov -{go
110’60 b

e -1 02ty
p 2 :
\ . W-10tee g

c
LWWN ‘)]

—————— —— = o —

v = %



Voiume 2 Numoer 2

B a2t

Fepruarv 198~

A powerful computational method for
f tne caicuiation of tree energies has
recently created a surge of imerest
tnrougheut the world among re-
searchers engaged in computer
simulaticn ot molecular systems. The
tectnique, known as the perturbation
s metnod, is based on the principles of
siatistical mechanics, a discipline
which seeks to explain the macro-
p scopic properties of matterirom its
nature atthe molecular level. Like the
alchemists’ dream, the perturpation
metnod invoives transmutation of the
etlermerts. Durnng the course of the
computer simulation. one moiecule is
“muiatec” o ancther. When appiied

to the amino acids of a protein, this
simuiates the eftects of site-specific
mutagenesis.

The perturbation method has created
excitement in the molecular simula-
tion community because of its ability
to simpiy and accurately caiculate the
difterence infree energy between
two molecular systems that may differ
in cnarge, bonding and even atomic
makeup. The method is rcoust and
gives values in goed accora with
experimerz. The ability to catculate
iree energies allows making reaitstic
credictions of such gcroperties as the
tincing of crugs 1o macromolecular

Seibel investigates free
energy perturbationtheory ... .. 1

What's ahead in computer

graphicstor 1887.............. 1
NewPrecucis...........0..... 2 5
Secoie L. 2

N |
Polygen imrocuces i
i

ChemNcte................... 3
Welsh explcres electrical i
conductivity inpolvmers ........ 4 '
u Meetings............ ... 10
Professicnal Cpportunities ... 14 |

| California Group Develops Accurate Free
Energy Diifferences from Perturbation Theory

receptors, the effects of site-speciiic
mutation on enzyme catalysis, the rel-
ative solubility of smail molecuies in
water or other solvents and the
eftects of soivent on reaction
energies.

The predominant technicues of com-
putational chemistry, cuamum mech-
anics, molecular mecnanics anc
molecuiar oynamics, only aliow cai-
culations of intermnal energies, or n
some cases enthaibies. While (hese
cuantities have predictive ability in
tavorable cases, thase methcgs nor-
mally gc not consiger the efiec: of
enircpy. Funiner, {0 ascenamntne

Continved on cage 7

The Next Step for Molecular
Modeliing: Interactive
Graphics Supercomputing

A new generztion of graphics
supercomputer systems with the
power of more than 20 VAX 11/780's
in a desksige package will be available
within one year. The power of these
systemns will have a aramatic imcacton
the fields of moiecutar moceliing and
computational cnemisiry. The poten-
tiai procuctivity imorovernernts ¢go iar
teyond a mere spesd-up of cocmpu-
tations. They will celiver sruly
interactive supercomputing to

the individual researcher.

A typical melecutar modelling
installation tocay consists of 2

superminicomputer with one or more
atiached graphks terminals. Addi-
tional compute cycies may be
availabie intne tform of an array
processor ¢r a corporate maintrams.

A conficuration such as this has two
very serious limitatiens. First. the
computational pencrmance is inage-
cuate; typical molecular energy
calculations take hours. Second, the
grachics terminal is a view-only cevice
that has little or no interaction with the
compuiational pan of the 1ask.

Continued on page 13
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Beckman Oijar New Producis

Molecular Design Lid., San Leandro,
CA, has announced the immediate
availability for chemists of volumes 8-
10 of the Journal of Synthetic
Methods (JSM) in graphicai computer-
readable form, taiiored for use with
REACCS, MDL's reaction indexing
software. JSM, which is published by
Derwent Pubiications Ltd., London,
covers novel reactions and new
syrthetic methods, new compound
classes and tunctional groups and
extended appiications of known
reactions. For additional intormation,

- > |
Statement of Editorial Policy

1 is the express ectonal oeiicy of
Chemical Design Automation
News 15 pubiisn cbjective informa-
ticn on matters of technical interest
re;ating tc the use of computer auto-
mEuoNn technicues in chemicai ang
znZmneered matenals researcn. in
accercance win this policy, we wel-
cocme zarticioation trom ali indivicuals
anc institutcns invoived in the heic.

Che mical ——————m—
Design Automation
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contact Marie Comez at MDL, 2132
Farallon Drive, San Leandro, CA
94577 (425-895-1313).

Chemical Design, Ltd., Oxford,
Engtand, is now offenng a range cf
“imelligermt” customizeq raster graon-
ics terminals taiiored for use with its
Chem-X molecular modelling soft-
ware. The new macnines are based
on the 6000 senes displays procuced
by Sigmex, a Suropean computer
grachics manutacturer. The 3D cus-
tom fxrmware in Chemical Design's
S8254L and SE234L termenals =
used by ihe ChemMovie mocule of
Chem-X {0 penormcaicuianons
jocally. Trus aliows 3D transiormaticn
O! cnemical siruciures Inreattime.
Degth-cuesng ang shaaing cotions
are aiso inciucec. Untc 256 direrent
SCiors may De Sistiaves simutt ane-

USiy. selesied 'rom a Calele ¢ mar
han 16 miiiion.

The terminals can be purchased
ngepencertly orascancia
MicroGRAF moiecuiar megeiling
workstation. imegraing craches
disolay, MicroVAX |l comguter
subsysterm anc Chem-X soh -or
more lmon"aﬂon COI'I‘E.,. . 3h
Dunn, Chemical Design Inc. .
120,200 Route 17, Manwah, J
§7430(201-526-3323) inthe U.S.;
reacers outsiae the U.S. may contac:
Helen Gasking, Chemical Desicn,
Lic., Une 12. 7 West Way, Oxiord,
OX210J3 INGLAND (885-251-483).

Eecxmaninsirumenis, inc., Fu
CA.nEs ennountac a new.ancraery
INICITaton manatement svsiem
which coeraies on iarge |IEM main-
trame comgouters uncer the VMS
coerating system. The new procuct
will allow 1arge bioincustrial comoanies

! Dennis H. Smith has recently joined
Moiecular Design Limitec, San
Leandro, CA, as Vice President,
Product Development. Smith was
tormerty director, Biotechnoiogy
Research and Development ang

. pnneipal investicator of the BICNET

National Computer kescurce of

Denris ~.
Smur, 2.2,
Moiecu.ar
Lesign Limitec

intelliGenetics. Mcuntain View, C
Sncriothatne was Greous --’"D'
CIEZIOr. RMeSeargn ACToucaion
Jeveicoment at Lecene
_aporatones, Fear River, NY.

Smith nolgs a £.S. incnermisirv ircm
the Massacnusens insticte of Tecn-
nology and a Ph.D. in cnemisiry ircm
the University of Califomniz. Zerxerey .
he spem 15 vears comng reszarch &
Serxeiey, the Universay of Ersicianz
Staniorc. where ne was 2 senicr
fesearch assogiate and key somnt-
utor to the Dencral Proez. aneam
aniicial imelligence crogram

10 imtegrate i2zerets
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Polygen Skaiching Tool io Aid
Cnamists In Depicting Molscules

Editors Ncte: This beginsthe firstin a
series of arnticles we will be publishing
on PC-based chemical design
progucts. We invite reagers to submit
articies on this subject to CDA

News.

The ChemNote Sketching Toolis a
molecuiar sketch, dispiay and coor-
cinate-generating toci that runs on
i8M PC/AT-compatidie microcompu-
ters. The program aliows the chemist
10 sketch a two-dimensional molecule,
€0 a cuick conversion into three dim-
ensions, and display and manipulate
the 3D molecuie imeractively. To our
knowlecge. this is the first commer-
cially-avaiiable programwrnen for the
micrecomauter environment that
comoines all these abiitties. The
ChemNcte Sketening Tool will be
icrrally released S March at the
Firsourgh Conterence, Socth
#11C35.in Aliantic Tty NJ. Pre-
reigase ccoies are curramiv avaiiatie
irem Poivgen Corooration. Waltham,

2
Vim,

-

Tne ChemNcte Sketching Tool is net
Intenqec 10 reniace true molecular
moaeliing orograms Saseg on more
cowerful harcware. Ratnher, it is
inienceq o serve as g "guick-iook”

tool, helping the chemist decide
which structures should be submitted
to a modelling program tor a more
extensive modelling run. Once a mol-
ecule is built in ChemNote, the 3D
coordinates of the atorns, as well as
atom and bond types, can easily be
extracted for use as a starting point in
a modeliing run. Currently, Polygen
also ofters a utility that convens a
ChemNote moiecule file into a
CHARMM input fiie (Chemistry at
Harvard Molecutar Mechanics, a mo-
lecular mechanics program aiso avail-
able trom Polygen) and aiso provides
a convenient front end to CHARMM.
Polygen wili reiease a number of
acditional file conversion utiities 10
popular maintrame and microcomou-
ter-based modelling programs such as
MM2. MOPACZ, GAUSSIANSO anc
CNDCZ, etc., later this year.

ChemNote utilizes a mouse 1o crovice
ine chemist with a user-inendiv
interiace 1o the software, Pull-cown
menus ana granhical icons eiiminate
tne need for compiex kevboara com-
mancs. A nelp ine, aiways visibie at
the pottomn of the screen, aiens the
user1o efrors ang wamings and
supplies general instructions.

N Bty SV e T a Yu o WPy AR T T P al A PP
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The Two-Dimensional Constructicn
Mode of ChemNote allows the chem-
ist to sketch a new molecule or trag-
ment from the intormation in any fite
directory, display it on the screen and
edit the structure as required. Single,
couble, triple, resonant and hydrogan
bonds may be used 1o buiid the moie-
cule, as can any atom trom the peri-
odic table. A set of pretrabricated ring
structures can also be employec. The
mouse is used to build objeis onthe
screen and to tacilitate posticning
during editing. ChemNote highlights
atoms or bonds whenever the cursor
contacts them. All these functions
allow rapid construction and editing of
structures.

In addition to the sketching caoabii-
ties, the 2D construciion moce aitows
one to assign chemical propertes,
such as parual atormic charges,
churahty, isoiope numder. Iree racical
cosmon. cistrans oengs anc ning
Coniormalicn 10 10MS ans 2Cnes s
a2corogniate. This moce 1s more than
just @ preny-picture Crawer: it1s the
first step In generating a tnree-
cimensional struciure.

Continuea or: page 14
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Figure 1. Two-gimensional diazram of morohine construcied in

. ChemNote.

Figure 2 Tnree-aimensional vecsor anc scaceiiiing oisciavs

o/ morphine in Chem~Ncie.
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Thaoreiizcal Studiss of Elzacirical

Conductivity in Polymears

Highly conducting organic polymers
compnise a promising and rapidly ex-
panding new research area. Indeed,
the interest generated in the conduct-
ing and semiconcucting properties of
organic polvmers stems tromtheir
cotential wide agplications in antistatic
acuicment, electromagnetic shield-
ing, switchable ccntact bnages, rec-
titving cevices and photovoiaic cells,
ang rechargeable battery cells and
gleciro-optical devices, to name just a
iew.! Nevertheless, many fungamen-
tal aspects of the physical and chemi-
cal mechanisms unoernying the remark-
gtie eiectronic properties of these
cclvmers are not well unaerstoed.
Niuzsh more theorelical work is there-
:ore neeged to esiadiish a sound
c2asis iorinteroreting and even pre-
Z:izung the elecironic preperuies of
INE3E MmEtenals fromtherr struciure.

STIrESUiN SCRsUCung oevmers inier-
3O 1IN tNE &St Cecace with ine CIs-
ccvery that the elecincal consusuvity
Zizenain solvmers cance conirdlied
SveErawice range. frominsuising 1o
meialiic. by ihe acoropnate treatment
sath ChEMIC3) OXICANTS anc recuciants
["zzoan!s™). The breakihrough came
:n €71 wnen Shirakawa found that
zz2iylene ¢an be Dolymenzec 1o pro-
cuce atreesianding filmwith crom-
ising mechanical preperties € and
when, somewnat later, MacDiarmid
2nd Hager showed that poivacetyiene
2£20mes Soncuciive Dy exposing it to
SxiCiZINg agents such as iocine or
zrsenic peniafluonde 3 Since these
i:nZings. & plethora of tunzarenial
~UEsugaticns ngve anseniremthe
n§ of Znemigis. Cnysisisis. mate-

TUSIS anc inecrsucians. =oin
! gmia ancircusiry with ing
loommon goal ol prequeing & New
senereanon of matenals ercowes with
‘ne gnysical prepenies ot plasucs and
the elecCirical concuctivity of metais.

e

i

D

itis now cenerally accented that
concuctivity anses trom the oxication

or reguction of a suitabie neutral pre-
cursor polymer with the concomitant
generation of a salt in which electrical
charge residing along the polymer
backbone is counterbalanced by geg-
enions. For example, in the reaction
between a penodic segment of a poly-
mer chain P, anad an oxidizing agent
A, a cation radical of Ppis tormedn
the first regox reaction and a di-cation
by the second electron transter

Ox/A . _ DOx/A .2 -
P, == 1P "L AT) == (P 0. 2aTy
Red Red

Inthe language of solid-state chysi-
cists, the ion-radical is called either a
soliton if the charge and spin are
mobile without the necessity to cross
an energy barner while traversing the
chain, or a polaronif it is linked 1o an
etastic bong cistoron and thus can-
Not move without TICKING UD energy.
The di-canon P.+? igraterrecin asa
ZiDCIZICN oy anaICgy.

The prototyoe of concucung poly-
mers is poivacatylene -Ch=CH],, the
sSImMpiest ana canaimy 10 Sate the mest
tnorougnly siuchied matenaiin this
arez. Pure poivacetylene, which
exiSIsSinpotnirang { ~=~=> )
ancgis ! ™~ )isomenciorms,
1S aninsulator like all other dure poiv-
mers. ltis mage concucuve Dy acging
icdine, bromine or other oxicizing and
regucing agents, with the concucivity
nsing snharply with cccant concenira-
tion. Several other poivmers also
become concuctive ubon ccoing,

for exampie the polypnenvienes,

t =N 1
D) LT ,

—

the SCiwvpviTsies,

the cehnmsznenes

Ar k?,\ :m»
and the polyparaohenylene
vinylenes

[ D™ 1.

e
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They all have one salient feature in
common: they possess conjugated
double bonds, i.e., extended
sequences of altemating single and
double bonds. Hence, it is reasonable
to assume that these conjugated or
aromatic seguences provide a contin-
ucus overiapping set of molecular
orbitals which is necessary it not
sufficient for efectncai concucivity.

While the list of conducting and
semiconducting polymers is contin-
ually expanding, most experts celieve
that conductive polymers are five to
ten years away trom leaving the lato-
ratorv tor the commercial marke!. The
Cithculty lies in the tact that these
Cccoec peiymers are ighiy Lunssania
anc auite citficult 1o process inwo
useable forms. To render a poiymer
concucung, ccocants must Sitluse
tarcugh the polvmer in corcentre-
L.SNS much nigherihaninatuces
CONVER SHCSNING & SEMICnILsiar.
This causes arge-scale cisrusuen o
ine CCiymers Cackoone, rencenng i
TOre SUSCEeZUCIe 1C Cesrasing 2TaMms
SUCH as OXygen. AS aresult, ihe =oiy-
mer eventualiv loses its conaucuvily
ana convens IMme a snale non-pro-
cessanle matenai. Hence ihe search
conunues tor colvmers that pessess
nigh concuctvity yet remain sigbie
anc processapie.

The acoroach iaken by the author enc
COWOrkers has been 10 caicuiate the
sc-calied banc structures of vancus
cancicate polymer chains using
cuanium mechanical brocecures
baseq onthe Exienges Hicxeal
Theory ; ==7 5
tneValernze Zhecu
AR Theory. These calicuizies
targ struciures are akintc incse
COMITCNIY [USIrEIes i CISCUSSICRS T°
ine "oang thecry of metais™ Inciuoes
in many irrocuciory chemistry
courses, (See Figure 1). Cne of ihe

Continued onpagce 5
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Electrical
Conductivity

Continued from page 4

calculations is the so-called band gap
(Eg) which is the difference in energy
berween the highest electron-tilled
band (i.e., valence band) and the low-
est unoccupied band (i.e., conduc-
tion band). in insutators the energy
gap (Figure 1) is sufficiently large so
as 10 virntually preclude excitation of
eiectrons from the vaience band to
the conduction band; in metals the
valence and conductions bands over-
lap, thus affording electrons in the
valence band free movement through
the conduction band. in a semicon-
auctor, the energy gap is small
enough that some electrons make
the transition simply by acauinng extra
thermal energy (hence the conductiv-
ity 0f Semiconcuctors increases with
temperature).

As an example. we have camed out
tand structure calcuiations on several
halcgen-sutsiitutes pelvacetvienes
sucnas {-CX=CXl, and {-Ch=CX],
with X=F or Cl.© Qurinterest in these
svstems is Sased on expenments
suggesting that supstiution of haio-
gen atcms tor some or all of the H
atoms in polyacetylene imoarns im-
proved stability anc, possibly, solu-
biiity. 9 Encouragingly, our caiculated
sand gaps tor both the fluorinated

and chiorinated anaiogues were com-
carable to those similarly calcuiated for
polyacetylene itself. However, ermthu-
siasm must be tempered in that these
calculations portray the chains as
pertect conjugated arrays {i.e.. no
cefects) and oriented with the back-
bone g1oms lving in the same piane so
2s i0 maximize the orbital overizo (and
nence minimize the zand can). These
Tezels may thereiore Ce unreziisic
enc. Iniacl. subsecuent conicrma-
ticnel energy caiculaticns cnscme of
ne cnicnnalec analegues ingicate
ihat the steric tulk o! inie cniorne
gicms forces these chains outcf a
oanar amray with subsecuent and
sharp increases in the band gzo.
Simiiarly, experimerts have indicated
hat random substitution of Si (CHg)3

O A PINTIARy 12APAPIRITY P W e o o S . T SO Tl T S v il ot -t WA AP WO o, puin v ge
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Figure 1.
Simolified
ilius:ration of :'..
the pand :
structure of sz
a soid { z
— 12
[E
= :
TR : . =
METAL SEMICONODUCTOR  NSUWATOR SEMMETAL
3AND STRUCTURE OF A SOLID
Figure 2. }
The as-PBO M |
repeat unt l H H |
!— N N ~‘ '
|
|
| [_ ° o’
| _
| H H |

crouss along the poivacetyiene chain
improve soiubility and traciability.
Unfonunateiy, these caiculations
show that such substitutions have the
effect of increasing the band gap and,
as inthe chionne case, distorting the
conjugated cnain array tfrom its
preferrec planar onentation.

Curinterest in the polyacetyienes has
extended to the analogous polyynes,
inciuding {-C«C],, and {-CaC-X], with
X=S, Se or SiH.10 While the caicu-
lated band gap for [-C=C}, was com-
parable to that found for polvacet-
yiene. in all cases the "X™ substitu-
tions causes a more than coutling of
the canccas. ltis evicart tnat such
suCsiiiutens along the convmer pack-
tene cisrusithe cnain conisgation
anc consecuent oroital svenan. (Thay
also precuce "kinks” in the otherwise
reclie [-C=C)y chain).

These studies aiso include pelvmers
with aromatic sackbones. Much of cur
focus has peen on a group of parcat-

enated aromatic heterccyclic coly-
mers wnose fiims and fibers are ncied
for their exceptional strength, thermal
swatility and environmental resis-
tance.! As such. these materiais are
tne focus of the LS. Air Force's
"Ordered Polymer” program, the aim
of which is to expioit these hign-
pertormance features tor aercspace
applications.

A polymer of this type, poly (o~
phenviene benzabisoxazole) (FEO),
is iliustrated in Figure 2. Other
anaicgues are aboreviated F2T and
ASFBIinwhichthe O atoms are
replacec by S and NH, respeztively.
Thne same exiences arcmaticiiy encd
rcChke structure that cive nse s the
exceouene! chysical crocenies of
inese celvmaers sneuic alsc be congu-
cive 10 elecincal concucinry. Eane
struciure calculatiors on FBO (See
rigure 3) and PET vield band cass in
the same range as that found ior coly-
acetylene, thus encouraging {uriner

Continued on page &
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theoretical and experimental studies
of these and related chains. indeed,
recent band structure calculations on
AAPBO and ABPBOQ chains (See
Figure 4), two structuraliy-related but
more flexible analogs of PBQ, have
vieldedband gapsof 1.86 eV and
2.31 eV, respectively, compared with
1.4-1.8 eViorourbenchmark
polyacetyiene. 12

Elecirically conducting polymers are a
new and exciting class of maternals
with a wide range of potential appli-
cations. While stability remains a se-
rious prcbiem tor current poltymers
exhibiting conductivity, it is hooed
that the theoretical studies uncer-
takan py the author and coworkers
ang by cther research groups will
uncover poiymer types exhibiting
controliable electrical conauctivity yet
high siapiiity s¢ that these applica-
licns can be reaiized.
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Appendix
The thermodynamic relation betwen C, and (| 1s

C,-C.=TVKf:

where 1”15 the specific volume, K is the bulk modulus and
B the volume coefficient of thermal expansion. Taking
1'=071x10"¢m3g"!, K=5000MPa and f=-7x
10®* K ! as reasonable values!! for CO(HBA/HNA) at
100K yields C,—C, = 107%.
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Reinforcement of a non-crystallizable elastomer by the precipitation

in situ of silica
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Cincinnati, Qhio 45227, USA
(Receved 14 May 1987)

Introduction

In many of their commercial applications siloxane
potvmers [-SiRR'Q-] are filied with silica (S10, 1 1n order
to improve their mechanical properuies’. A series of
recent investigations have shown the feasibility of
precipitating sihica into polv(dimethylisiioxane) (PDMS)
polvmers or elastomers by the cataivsed hvdrolvsis of an
alkoxysilane or siiicate* *!_In the case where the PDMS
15 swollen by using tetraethviorthostitcate (TEOS). the
reaction 1s simpiy

SIOC,H,). - 2H.0—Si0. ~C.H,OH (1)

The filier particies generated in situ have been shown to
be unaggiomerated and to have diameters of 150-
250 A*'* This techmque has also been successfully
extended to incorporate silica into poivisobutylene (PIB)
eiastomers?*.

The commercially important polyimethyiphenyl-
siioxane) (PMPS) elastomers are also reiauveiv weak
mateitias  in the unfilied state?>?¢ and require
renfoicement 1 most  of their applications'-?.
Furthermore. their atactic nature®-?* eiimimates the
possibility of strain-induced crysiallization. which leads
to improved properues of a variety of elastomers at high
eiongations®¢~%%_and. when 1t can occur. is facilitated by
the presence of filler?®3°. It is the purpose of this
communication 1o report the reinforcement of non-
crystallizable. stereochemically welicharacierized PMPS
clastomers resulting from the precipitation in sutu of silica.

0263-6476/87 /09024004503 00
@€ 1987 Butterworth & Co. (Publishers) Ltd.
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E xperimental

The hnear PMPS used in this investigation was
prepared by an anionic ring-opening polvmerizauon of
cvchic tetramer (PhMeSi10j, by using potassium
hvdroxide as the catalvst and has been described
in  detail eisewhere?*-**:3* The hnear PMPS,
Me,SiO(PhMeSiO},-SiMe, had a weight-average molar
mass. M,. of 186000 g mo! ™’ and a heterogeneity index.
M, /M, of 2.0. as deterrmned by iow-angie laser hight
scattering and ge! permeauon chromalography.
respecuively3:-3*. The 'H n.m.;. spectrum of the polvmer
was determined 1n deuterated chioroform soiution by
using a 300 MHz spectrometer. The e-methyl protons
were used to obtain the stereochemical structure of the
poivmer?4-3%:33-3% and gave the fracuion of meso. f,.and
racemic, f,. diads to be 0.53 and 0.47. respectively. and
hence the linear PMPS was found to be stereochemically
atactc.

Two elastomers were prepared from the PMPS as
described below. The linear polvmer was dissoived 1n
toluene (509, w/w) and benzoyl peroxide was added as a
crosshinking agent. The soiution was then thoroughly
mixed before being transierred 10 a Tefion (Du Pont
registered trademark) ined giass mouid. The toluene was
evaporated from the mixture at reduced pressure and the
polymer was degassed at 323 K. The sample was then
crosslinked at 393K for 1h under a drv nitrogen
atmosphere at reduced pressure (10mm Hg). and finally
postcured at 373 K for six hours.
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Each of the elastomers were then extracted for five davs
by using tojuene 1o remove any sotuble matenal that they
contained. After deswelling by using methanol as the non-
soivent. the elastomers were dried to constant weight and
the velume fracuon, vyc. of polymer incorporated into the
network was determined in each case. The sample having
the lower value of the approximate high-deformation
modulus, 2C,. was chosen 1o study the filler
reinforcement due to its higher extensibility (larger
elongauon, a,. at rupture). These preiiminary results are
summarized in Table /.

The silica was precipitated in situ into the PMPS
elasiomer by the procedure described beiow. The
elastomer was divided 1nto test strips that were immersed
in TEOS (Fischer) for ime intervais in the range S min to
24 h and the amount of TEOS incorporated 1n each case
was measured. The strips were then placed in an aqueous
solution of 2%, (by weight) of the catalvst ethviamine
(K odak). and the hvdrolysis of the silane was permitted 10
proceed for 24 hat 298 K. The sampies were then dried 1o
constant weight in a vacuum oven before determining the
weight of filler introduced in each case.

Poruions of the unfilled elastomers and those filled in
situ were then used tn the uniaxial elongation experiments
made to obtain the stress—strain isotherms at 298 K2¢ 2%,
The nominal stress was given by /= f/4* where f1s the
eiastic force and A 1s the undeformed cross-sectional
area. and the reduced stress or modulus by

[Fi=fna—-a"% (2)

where x= L,/L. 1s the elongation or length of the sample,
L. relauve 1o its miual (unextended) length. L. All
measurements were made 10 the rupture points of the

sampies.

Tabie 1 Characterisiics o1 the unfilled poivimethvipnenvisiloxane)
ciasiomers

Peroxige 2c.r 2C."
Network w2 4 1. (Nmm™ Nmm™%) (20,20, =f
1 1.6 086 0072 0013z G 76l o2z
2 3.8 073 0(R6t 0.0253 Qrors 206

¢ Gel fraction
* Mooney -Riviin elasticity constants (sse equation (3
¢ Eiongation at rupture

Table 2 Resuits of filier precipitations and siress-strain measurements

Frecipitation

resuits Strain-strain resuits
$H0;
content 2C, 2C; (f14%).° 10°E.¢

tye® W% (Nmm™ %t (Nmm™% a2, (Nmm™ % {dmm™%)

1.00 00 0.0174 0.0132 222 00428 0.0034
051 7.0 0.0310 0.0357 214 0.1151 0.0074
037 97 0.0231 0.0554 192 0.1279 00062
0.26 130 0.0a47 0.0519 1.56 0.1125 00036
0.12¢ 38.8 04970 0.0)66 143 04527 0.0069

* Voiume fraction of potvmer in the TEOS-swolien network
* Nominai stress at rupture

* Energy required for rupture

¢ Equilibrium sweliing at 298 K

Results and Discussion

The amounts of filier incorporated into the PMPS
network are shown in the second coiumn of Table 2. The
sample swollen to 11s equilibrium state with TEOS clearly
corresponds 1o the maximum amount of filler that it was
possible to incorporate by this technique. which. for this
particular network, was 38.8°; (by weight) of silica.

The stress—strain isotherms obtained at 298 K for the
unfilled PMPS networks and those filied in siu are shown
in terms of [ /*} and « ™' in Figure /. The linear parts of
the 1sotherms were represented by the Mooney-Riviin
equation?™-28

[f*]=2C,+2C,a"" (3)

and the values for the constants 2C, and 2C, are given in
columns 3 and 4, respectively, of Tuble 2. The former
represents an approximation of the high-deformation
modulus, and 2C, and 2C,,/2C, measure the extent to
which the non-aflineness of the deformation increases
with elongation®®. Also of interest are the elongauon. x,.
at rupture and the nominal stress, (f*A*),. a1 rupture,
and these values are presented in columns S and 6 of Tabhle
2. Figurc 2 shows the elasticity data of the unfilied PMPS
networks and those filled tn situ plotted in such a way that
the area under each curve corresponds to the energy. E,.
of rupture®®. which is the standard measure of elastomer
rougnness. These vaiues are given in the last coiumn of
Table L.

As can be clearly seen 1n Figurc /. the modulus or
reduced stress of the PMPS clastomers increases as &

0.8 i i | | | 1
06 38.8 Q% —
e OO
04 —(L
o.xi 'j
&
£ 00 e QW
z 5.7 T -
T o008
= W
0.06=— 7.0 C ~ =
0.04 — n
oo 00 W i
I PR ! ! '
0.3 0.5 0.7 08

-1
L]

Fipure 1| The reduced stress shown as a function of reciprocal
ejongation for the polyimethviphenvisiloxane) networks at 298 K. Each
curve 15 labelled with the weight percentage of filier present in the
eiasiomer. Open circies locate results obtained from using a series of
increasing values of a. and filied circies the resuits obtained out of
sequence 10 test for reversibiiny. The broxen hnes heip 1o locate the
eiongations at which the reduced siress shows an upturn. The data
terminate at the rupture points
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function of the amount of sihica precipitated i situw nto
the networks. Such increases are comparable with
those observed n the correspondingly filied PDMS
networks® ?'. It 1s also noted. however. that an increase
in the filler content reduces the extensibility of the PMPS
elastomers. as represented by a,. as shown in Table 2.

The expenimental data in Figure | also reveals an
upturn 1n the modulus at the highest elongations for all
the PMPS eclastomers filied in suu. No upturn was
observed for either of the two unfilled PMPS networks
described 1n this study. Similar upturns have been
reported previously for PDMS elastomers, filled by
analogous methods®!3-13:2°, 1t has also been reported
that the crystallization rate of PDMS is increased by the
presence of silica?®. This has been attributed to the partial
preorientation of the adsorbed poivmer (roughly 2-3nm
in thickness ) or the crystalhization nuciet being affected by
the presence of the silica®®. 1t should be noted. however,
that the effects of strain-induced crystallization do not
manifest themselves for unfilied PDMS elasiomers®™™*"
at room temperature. due to both the high local mobility
of the PDMS chains®'"*? and the relauvely low
elongations. z,. al rupture for such materials®™**. Since
the PMPS elastomers. which are atactic and hence
amorphous polvmers. also shown the upturns in modulus
at high elongauons when filled i sutw with silica. this effect
obviously does not occur exclusively as a result of strain-
induced crystallization. One source of the addinonal
reinforcement at high elongauon is the adsorpuon of
poivmer chains onto more than one filier parucie*. by
interactions between suriace hvdroxyl groups on the silica
particies and the siloxane poivmer backbone. It is hoped
that calorimetric studies and electron micrographs of
poivmers filled i suu 1 both the unstreiched and
stretched states will provide further information on such
compiicaled. but nevertheless technoiogically important.
efiects.

Further studies of elastomeric materials filled by the
precipitation in situ of hvdrophilic and nvdrophobac siiica
particies and also titanium dioxide parucles' ™" are 1n
progress.
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High molecular weight polyethylene: An n.m.r. approach to partial
crystallinity and swelling properties of thermoreversibie gels
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(Receiwved 1€ March 1987, revised § June 1987)

N.m.r. was used to investigate crvsialline properuies of swollen polvethviene geis obtained by quenching semi-
dilute solutions of high moiccuiar werght chains. The two concentrations used were 0.9¢9 and 03¢ (wiw).
Tne entangiement concentration determined from 1nitial solutions was shown to control concentrations and
s1zes of crystalintes in swolien geis. at room wemnerature. Aiso. the slow elimination of soivent was shown 10
induce a high=cryvstalimity statein the dnea gel: whereas. dried gets moiten for a short time and then guenched
a1 room lemperature exinbn smaber exient of crystaliiny and less thermoaynamically stable crystalines.

(hevwords: polvethvienc: thermoreversible get: swelling: ervstaliinity : nmur.)

Introduction

This work deais with n.m.r. investigations concerning
thermoreversibie high molecuiar weight poivethviene
geis. optained by guenching semidilute soluuions. These
pnvsicai geis are known 1o onginate fibres and fiims that
exhibii ultra-mgh moduli'™  Searching for high
drawability. 1t has been shown that under well defined
condions of poivmer concentration. chain moiecuiar
weight and gelatiors lemperature. the araw rauoe of
poivethyiene peis may be as high as 7,,,, = 3. ieading 10
a4 Young moduius and a tensite strength equal to 202 and
€¢.2 GPa. respecuiveiv’ . In these svstems. interiinkages of
cnamns are mamniy mediated by crystaliites and the high
arawabihty 18 usualts assumed to result from the iow
concentration of trapped entangiements. detcrmined by
tne  semidiute  soiution originatng  tne  network
structure®-®. More precisely. 11 18 currentiv considered
tnat the dried gels. observed at room temperature. are
determined from a twocomponent structure.

The first one 15 associated with partly crystaliized
clusters that control couphing runcuons of chamns. The
second component corresponds to a crystaliization
process occurring between inleriinkage domains.
Resulung crysialiites have been clearly identified with
those obtamned from dilule solutions of poivethveine .
The high drawabilny observed at about 373 K 1s assumed
to reflect first the disappearance of crystallites iocated

* On ieave from Centro da Fisica o2 Matenia Condensaga. Av. Prof
Gama Pinio, 2-1699 Lisbon. Portuga!
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between coupling junctions: then, these are supposed 1o
dissociate. leading 1o chain shding. until 1rreversibie
knots are formed and a break of the poivmer sampie
occurs.

The present n.m.r. approach 1s aimed at attempung to
physically discniminate beiween the two crystallized
componenis parucipaing 1 PE  gel structures.
Crystalines represent a solid state: therefore. protons
embedded 1n these domains must exhibit a solid-state
spin-svstem response. This n.un.r. observauon was
supposed 10 be contrasted to that of chain segments
ltoming crystalintes. by originating a chamn uniolding
efiect. Considering swolien PE gels. at room temperature,
prolons atlached 10 chaln segments connecting
crystaliized domains were expected 10 benave like spin-
svstems pertaining to sermdijute soiunons. N.m.r. has
aiready been extensiveiv used to  study  parual
crystallization processes and sweliing effects in gels® !

Experimental

Material. Measurements were made on a currently
used hnear polvethviene sampie (Hercuies 1900
UHMW/90189;. ns molecular weight and intnnsic
viscosity were egual to 6€x10° and 30cmig”’
respectively. Gels were prepared in decaiin: 2.6-di--butyl-
p-cresol was added to solutions to prevent PE sampies
from oxidation (0.1 5, w/w). Dried gels were subsequent)y
swollen by using deuterated 10luene (99.7¢,D: C.EN.
Saclay. France).
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IN-SITU GENERATION OF CERAMIC
PARTICLES FOR THE REINFORCEMENT
OF ELASTOMERIC MATRICES

1 J. E. MARK

Department of Chem:stry and the Poivmer Research Center
The University of Cincinnatl
Cincinnat, Ohio

& 1. INTRODUCTION
[

The chemical reactions used in the sol-gel technology' for preparing ceramics
- are illustrated by the hvdrolysis of an alkoxvsilane:

i SWOR), + 2H.0 — SiO. = 4ROH gt

The process first gives a swollen gel. which is then dried. fired. and densified into
tne final. monolithic mece of silica. There have now been a number of addinional
studies using essentially the same reactions. but in a very dificrent context.” =
Soecificaliy, the hvdrotysis reactions are carned out within a polymeric matrix.
t with the silica generated in the form of very small, well-dispersed particies.
; When the matnx 1s an tlastomer, these paruicles provide the same highlv
1  desirabie reinforcing effects obtained by the usual blending of a filier (such as
carpon black) into poivmers (such as natural rubber) prior to their being
cross-iinked or cured into tough elastomers of commercial importance -
Although the focus of these studies has been on the elastomer reinforcement
that the particies provide. the emphasis can easily be switched 1o the parucies
tnemseives. Thus. the elastomenc matnx can be viewed as acuing in the same
way as the frozen low-moiecular-weight matnces, which are much used
3 to immobilize and stabilize molecuiar fragments in order to permit their
spectroscopic charactenization.® 1t is hoped that charactenzation of the dis-
4 persed ceramic particles—for exampie, by scattering experiments®* —would
provide mformauon on the intermediate and final products obtaned from </
reacuons such as that given in Eq. (1). It could thus provide information
which would compiement that obtained from the possibiy more compiicated
1 monoiithic ceramic objects of pnmary inieresi in the sol-gel technoiogy.!”

; 2. VARIOUS CURING-FILLING SEQUENCES
2.1. Filler Precipitation After Curing
In this technique the polymer is first cured or vulcanized into a network
structure using any of the well-known cross-iinking techniques such as high-

energy irradiation,” thermoiysis of peroxides,™ nonselecuive reaction with sulfur
or metal oxides,™ or seiective reaction of functional groups on the polvmer with
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1
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1

a multfunctional smali moiccule ™™ The network 1s then swelied with the siane

or rclated moiccule o be hvdroivzed and 1s subscquentiy exposed to water at
room temperature. in the presence of o cataivst. for u few hours The swoilen
samplc can be either placed directly 1nto an excess of water contamning the
catalvst' ™™ = or mercly exposed 1o the vapors from the catalysi-water solu-
von.* Drying the sample then gives an elastomer that 1s filied (and thus rein-
forced) with the ceramic parucles resulung fromjt he hydrolysis reacuon.

Although a phase-transfer catalyst can be used 1n such a reacuion.’ 1t was
found 10 be unnecessary at least for relatnvely small specimens. Large sampics
could of course have a nonuniform distnbution of particies. a possibility being
investigated by solid-state ™St nuciear magneuc resonance spectroscopy.”

Different alkoxysilanes can swell an elastomernic network 1o different exients
and can hvdroiyze at different rates. Tetracthoxvsilane (TEOS) seemed to be the
best for the present purpose. as judged by the amount of silicu precipitated and
the extent of reinforcement obtained ™ Using the same criteria. basic catalysts
seemed more effective than acidc ones.” Some preliminary studies on the efiects
of catalyst concentration’ in paruicular and the hydrolysis kinetics in general
have been carried out. It was found that the rate of particie precipitauon can
vary in a complex manner, possibly due to the Joss of colloidai silica and parual
deswelling of the networks when placed 1nto contact with the catalyst solunon. '

Most of the studies to date have been carnied out on polvidimethvistioxane)
(PDMS) because of the preat exient 1o which 1ts networks swell in TEOS.
The same technique has. however, been shown to mve good reinforcement of
polvi:oputviene ciastomers.” Titanates have been used in place of silanes. with
the resulting titania parucies also giving significant improvements 1n elastomeric
properties.™

2.2. Filler Precipitation During Curing

1t is aiso possible to mix hydroxyl-terminated chains (such as those of PDMS)
with excess TEOS. which then serves simultancously to tetrafuncuionally end-
hnk the PDMS 1nto a network stracture and 10 act as the source of siiica upon
hvdrolvsis. This simultaneous cuning and filiing technique has been successfully
used for PDMS etastomers having a unimodal distribution of chain lengths® as
well as for PDMS elastomers'' and thermosets' having bimodal distribuuions.

The roies may aiso be reversed, by putuing tnethoxysilyl groups at the ends
of PDMS chams,” as iliustrated in Fig. 1. Reacuive groups at the surface of the
in-suu-generated silica or utama parucies then react with the chain ends to
simultaneousiy cure and reinforce the eiasiomenc matenal.

2.3. Filier Precipitation Before Curing

In the above techniques. removal of the unreacted TEOS and the ROH by-
product causes a significant decrease in volume, which could be disadvan-
tageous i some appiications. This probiem can be overcome by precipitaung
the particies into a polymer that 1s inert under the hvdroivsis condiuons—ijor
example. vinvi-terminated PDMS." The resulting polvmer-filicr suspension,
after removal of the other materials, is quite stable. 1t can be subsequently
cross-linked—for example. by silune reaction with the vinyl groups—with only
the usual, very smali change in volume.

3. MODIFIED FILLER PARTICLES
3.1. Surface Modification

If an in-siru-filled elastomer is extracted with a good solvent, its modulus and
ulumate strength are frequently significantly increased.® The effect is probably
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duc to hyvdroiy uc formation of additional reactuive groups on the particle surface
or 10 removal of absorped smali motecuics. thus increasing the numoer of sites
for parucie- poivmer bonding.

3.2. Induced Deformabiiity

In somc applications. it may be advantageous for tne filicr parucles to have some
deformability. It may be possible 1o induce such deformabiiny by uwsing o
moiccule that »» only parually byvdroiyzable—ior example. o tricthonysiiane
R’SHOR .. where R could be methy L' ethyl.'" vimyl."" or phem! "

Hne MR Jonar T (o b

4. TYPICAL IMPROVEMENTS IN ELASTOMERIC
PROPERTIES

4.1. Mooney-Rivlin Representation/

One of the two standard wavs of representing elastomenc data in elongation s
by piotuing the modulus [/} = f*/lz — 27°) against a~', where f* 15 the
nominal stress and 2 = L.L 1s the relative length or elongation. Typical resuits
are shown in Fig. 2.* Generaung the filler parucles m-suie greatly increases the
clastomer modulus: alsc. as menuoned 1ir Section 3.1. extraction with 4 soivent
gives further significant improvements.

4.2. Stress-elongation Isotherms

Another typical representation shows the nominal stress as a function of ciong-
anon. as iliustrated for tama-filied PDMS in Fig. 3.7 The advantage of this
type of piot1s that tne area under the curves corresponds to vaiues of tne ensrgy
requirec for rupture. 2 standard measure of toughness.

4£.3. Ultimate Properties

Generauon of filier parucles generaliyv increases the ulumate strength ([7*jor /°
al rupture) pui frequently gecreases the maximum exiensibility (x at rupture).
The former effect usualiy predominates. with a corresponding tncrease 1n the
energy of rupture.

5. CHARACTERIZATION OF PARTICLES
5.1. Densities

Compansons between the vaiues of wt % filler obtained from densuy measure-
ments and the vaiues ootained directiy from weight ncreases cuan give very
useful informauon on tne filier parucies. For example. the fact that the former
esumate 1s smalier than the atier in the casc of silics-filicd PDMS clasiomers®
indicates that there arc probably either voids or unrcacied organic groups in the
fiher parucics.

5.2. Electron Microscopy

The transmussion electron micrograph' shown 1n Fig. 4 reveals (1) that the par-
ticies in this sibca-filled PDMS network have an average diameier of approxi-
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match 80A. a very desirable size for ranforcement.”' =" (2} that there s u
refatinely narrow size distribution. (3) that & very small amount of the aggiom-
eration. winch 1s usually a probicm. consists of filler-blended clustomers.”" ™
and () that there arc well-detined surtuces. The good definthon gencraliy occurs
when the catalyst 1s a busc. as 1s the cthylamine used for this sample. Use ol an
acidic catalyvst, on the otner hand. gives pooriy defined. “fuzsy ™ partcies. as
illustrated 1n Frg. ' Thus lack of definiuon 1s consisient with resulis © n
the soi-gel cerumics area. wnere 1t was concluded that aaidic catalssis pive
structures thut are less brancned and tess compact thun those obtained trom
basic cataivsis.

5.3. Smali-Angie X-Ray and Neutron Scattering

Some tvpical small-angie X-ray scattering results are shown in fxg. 6" The
radii o gyration thus obtained can be correiated. for exampie. with electron
microscopy results and with various elastomeric properuies. Also. the shupes of
the curves can give njormation on the distribution of partcie sizes, and the
terminal siopes can indicate whether the particies are well defined (siope of —4)
or pooriv defined ( — 3). Similar expenments being carried out using neutron
scaltening shouid aiso prove to be very useful in cnaractenzing ceramic parucies
of this type
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Figure 4.
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Fipure 6

Skeich of process for cross-inking tend-hinking) inethfxvsihvi-terminated POMS chains
By MCans 0! 1C4CIIVE SUTLACE RIOUPS ON SIICA OF 1iania huter particies '

The modutus shown as a funcuion of reciprocal eiongauion for unfilied and filicd PD\S
ncrworks @t 25°C * Tne numners correspond 10 the wt %, filicr 1 the neiwork. and tne
tetter T spectiies treaimeni (cxtraction) with tetramarowurar. Frwed ssmbon are lor
fesulle obiaincd oul ©f scQuence 10 16st for reversiiity . 4Nd IRC vErLicy) Bashed hnes
locatcd the rupture poings

The nomingl stress shown as a funchion of eiongation ior PDMS networks at 2¢°C © Fach
curvc is lapcicd with 1he w1 % tilunia Prescnt In the neiwork

Eieciron microgrann of u PDMS neiwora contatning weli-getined sincy particics obtarned
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AM1 AND MNDO/2 MOLECULAR ORBITAL CONFORMATIORAL
ENERGY CALCULATIONS ON MODEL COMPOUNDS OF

EIMPLE POLYSILANES AND POLYGERMANES

William D. Johnson and William J. Welsgh

Department of Chemistry, University of Missouri-St. Louis

St. Louils, Missouri 63121, U.S.A.

MNDO/2 and AM]1 molecular orbital calculations have
been carried out on a series of structurally related
peclysilane and polygermane model compocunds. Conformational
energies have been computed as a function of rotation ¢
about a2 bond 2long the chain backbone. For each conforma-~
tion, geometry optimized values of the bond angles and bond
lengths were obtained. For polysilane [-SiH,] the results
indicate nearly egual preferences for both tgans and gauche
states and a high degree of rotational flexibility. For
poly(permethylsilane) [~Si(CH,),] the results show a broad
rinimum surrounding trans witﬁ Elightly shallower and
steeper minima at the gauche states. Overall this chain is
less flexible and exhibits greater preferences for specific
conformational states (i.e., trans and gauche). For poly-
(permethylgermane) [-Ge(CE,),] the results indicate a broad
winimum located at trans with steeper and slightly shallower
rinima near the gauche states. Corpared with poly(permethyi-
silane), poly(permethylgermane) exhibits gualitatively a very
similar profile except that the barriers are supsiantially
lower. The authors wish to acknowledge the finanzial support
provided by the Plastics lnstitute of America and the Air
Force Office cf Scientific Research (AFOSR).
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INTRODUCTION

SOLUBLE POLY(DI-N-ALKYLSILANES) OF HIGH MOLECULAR WEIGHT
CONSTITUTE A NEW AND FASCINATING CLASS OF POLYMERS WITH
POTENTIAL APPLICATIONS AS SELF-DEVELOPING DEEP~-UV RESISTS,
SILICON CARBIDE CERAMIC PRECURSORS, AND PHOTOCONDUCTORS FOR
PHOTOCOPYING APPLICATIONS. AMONG THEIR MORE UNUSUAL PROPERTIES
IS A THERMOCHROMIC UV TRANSITION OCCURRING BOTH IN THE SOLID
STATE AND IN SOLUTION. INTERESTINGLY, IT HAS BEEN FOUND THAT
POLYSILANE DERIVATIVES SUBSTITUTED WITH LONG-CHAIN ALKYL
SUBSTITUENTS [e.g. POLY(DI-N-HEXYLSILANE)] SHOW A REMARKABLE
RED SHIFT TO 370-380 nm. MORE RESENT STUDIES ON POLYGERMANE
ANALOGUES BY R.D.MILLER,et al., SUGGEST A SIMILAR BEHAVIOR IN
THIS CASE. THIS PHENOMENON HAS BEEN ATTRIBUTED BY SOME TO THE
OCCURRENCE OF TRANS-GAUCHE CONFORMATIONAL TRANSITIONS ALONG THE
CHAIN BACKBONE.

IN THE PRESENT STUDY, WE REVEAL THE RESULTS OF CONFORMATIONAL
ENERGY CALCULATIONS CARRIED OUT ON SEVERAL SIMPLE POLYSILANE
AND POLYGERMANE MODEL COMPOUNDS. ENERGIES WERE CALCULATED AS A
FUNCTION OF ROTATION ABOUT A CHAIN BACKBONE BOND TO OBTAIN A
CONFORMATIONAL ENERGY PROFILE E vs. ¢. THE RESULTS ARE
INTERPRETED IN TERMS OF THE PREFERRED CONFORMATIONS, ROTATIONAL
ENERGY BARRIERS, AND OVERALL ROTATIONAL FLEXIBILITY OF EACH
POLYMER. RESULTS OF SIMILAR CALCULATIONS CARRIED QOUT ON
HYDROCARBONS ANALOGUES ARE ALSO PRESENTED FOR COMPARISON

METHODOLOGY

THE AMPAC (M.J.S. DEWAR,et al.,QCPE 506) SUITE OF SEMI
EMPIRICAL MOLECULAR ORBITAL PROGRAMS WAS USED FOR THE PRESENT
STUDY. MNDO PARAMETERS FOR Ge WERE OBTAINED FROM M.J.S.
DEWAR,et al.,ORGANOMETALLICS 6, 186 (1987) AND ADDED TO THE
PROGRAM. FOR EACH POLYMER SEGMENT, CALCULATIONS WERE CARRIED
OUT USING BOTH THE AMl1 AND MNDO/2 HAMILTONIANS CONTAINED IN
AMPAC. THIS WAS DONE TO TEST THE SENSITIVITY OF THE RESULTS TO
THE METHODOLOGY CHOSEN. FULL GEZOMETRY OPTIMIZATION WAS
IMPLEMENTED FOR ALL CALCULATIONS.

RELATIVE CONFORMATIONAL ENERGIES E (IN KCAL/MOLE) WERE
DETERMINED FOR EACH POLYMER SEGMENT BY TAKING DIFFERENCES 1IN
CALCULATED MOLECULAR ENERGIES PROVIDED BY AMPAC WITH THE LOWEST
ENERGY ARBITRARILY NORMALIZED TO 0.00 KCAL/MOLE.

MOLECULAR ENERGIES WERE GENERALLY CALCULATED FOR ¢ VARIED
FROM 0-180° IN INCREMENTS OF 15-30°., THE REGIONS ¢=0°-180° AND
180°-360° ARE RENDERED EQUIVALENT BY THE ROTATIONAL SYMMETRY OF
THESE CHAINS,

RESULTS

THE RESULTS OF THE CONFORMATIONAL ENERGY CALCULATIONS ARE
PRESENTED AS PLOTS OF E (KCAL/MOLE) vs. ¢(DEGREES).
REPRESENTATIVE VALUES OF THE GEOMETRY~OPTIMIZED STRUCTURAL
PARAMETERS (i.e.,BOND LENGTHS,BOND ANGLES) ARE PRESENTED IN
TABLES. THE CIS5 AND TRANS CONFORMATIONS WERE TAKEN AS ¢=0° AND
$=180°, RESPECTIVEY,.




POLYSILANE

THE MNDO/2 RESULTS INDICATE A GLOBAL MINIMUM LOCATED NEAR
¢=+60° {GAUCHE) WITH A LOCAL MINIMUM LOCATED NEAR ¢=180°(TRANS)
ONLY ABOUT 0.05 KCAL/MOLE ABOVE GAUCHE. THE MAXIMUM BARRIERS TO
ROTATION ARE LOCATED NEAR ¢=+120°(ECLIPSED) AND ¢=0°(CIS) WITH
BARRIERS IN THE RANGE OF E=0.30-0.35 KCAL/MOLE. HENCE THE CHAIN
IS PREDICTED TO BE HIGHLY FLEXIBLE WITH MINIMAL BARRIERS TO
ROTATION AND TO PREFER THE TRANS AND GAUCHE STATES NEARLY
EQUALLY.

THE AM1 RESULTS ARE QUALITATIVELY IN AGREEMENT. HOWEVER, AMl
SHOWS A BARRIER PEAK OF E=0.32 KCAL/MOLE AT ¢=180°(TRANS) AND
YIELDS SUBSTANTIALLY LOWER BARRIERS TO THE CIS (¢=0°)
CONFORMATION, ALS0O, AMl1 SHIFTS THE GAUCHE MINIMUM TO ¢=30°.

THE MNDO,/2 RESULTS AGREE CLOSELY WITH EARLIER MM2 FORCE-FIELD
CALCULATIONS (W.J. WELSH,et al., MACROMOLECULES 19,2978(1986);
R.J. DAMEWOOD AND R. WEST, MACROMOLECULES 18, 159 (1985)).

POLY(PERMETHYLSILANE)

THE MNDO/2 RESULTS INDICATE A GLOBAL MINIMUM ENERGY REGION
TRAVERSING THE TRANS (¢=180°) CONFORMATION WITH SOMEWHAT
SHALLOWER AND STEEPER MINIMA NEAR THE GAUCHE (¢=+60°) STATES.
THE MAXIMUM BARRIER TO FREE ROTATION IS LOCATED AT CIS WITH E=
22 KCAL/MOLE; LOCAL BARRIERS SOME 2.7 KCAL/MOLE ABOVE THE
MINIMUM ENERGY ARE LOCATED AT THE ECLIPSED (¢=+120°)
CONFORMATIONS. THE AM1 RESULTS ARE IN QUALITATIVE AGREEMENT
WITH MNDO/2 BUT INDICATE SUBSTANTIALLY LOWER BARRIERS (1.0
KCAL/MOLE) TO FREE ROTATION.

AGAIN, THESE RESULTS ARE CONSISTENT WITH THE MM2 RESULTS OF
WELSH,et al. AND OF DAMEWOOD AND WEST.

POLY( PERMETHYLGERMANE)

THE MNDO/2 RESULTS INDICATE A BROAD GLOBAL MINIMUM LOCATED
NEAR TRANS WITH STEEPER AND SLIGHTLY SHALLOWER MINIMA LOCATED
NEAR GAUCHE ({(¢=+60°). THE PROFILE APPEARS REMARKABLY SIMILAR TO
THAT OBTAINED FOR POLY(PERMETHYLSILANE) EXCEPT THAT THE
BARRIERS ARE UNIFORMLY LOWER. THIS IS REASONABLE SINCE THE
Ge~Ge BONDS ARE LONGER THAN THE Si-Si BY ABOUT 0. A, AND THIS
ADDITIONAL LENGTH SHOULD REDUCE STERIC CONGESTION.

THE AM1 RESULTS AGAIN SHOW QUALITATIVELY SIMILAR BEHAVIOR
EXCEPT THAT THE BARRIERS TO ROTATION ARE SUBSTANTIALLY LOWER.

POLYMETHYLENE

BOTH MNDO/2 AND AM1 RESULTS INDICATE A PREFERENCE FOR TRANS
(¢=180°) WITH LOCAL GAUCHE MINIMA ABOUT 1.0 KCAL/MOLE ABOVE
TRANS. THE MAXIMUM BARRIERS LOCATED AT CIS IS ABOUT 3.8
KCAL/MOLE ABOVE THE MINIMUM. IN GENERAL THE RESULTS SHOW BOTH
POLYSILANES AND POLYGERMANES TO BE MORE FLEXIBLE THAN THE
CORRESPONDING HYDROCARBON CHAIN,

batid TR S A




SUMMARY AND CONCLUSIONS

1. MNDO/2 AND AM1 MOLECULAR ORBITAL CALCULATIONS HAVE BEEN
CARRIED OUT ON A SERIES OF STRUCTURALLY RELATED POLYSILANE AND
POLYGERMANE MODEL COMPOUNDS. CONFORMATIONAL ENERGIES HAVE BEEN
COMPUTED AS A FUNCTION OF ROTATION ¢ ABOUT A BOND ALONG THE
CHAIN BACKBONE. FOR EACH CONFORMATION, GEOMETRY OPTIMIZED
VALUES OF THE BOND ANGLES AND BOND LENGTHS WERE OBTAINED.

2. FOR POLYSILANE [SiH.,] THE MNDO/2 RESULTS INDICATE NEARLY
EQUAL PREFERENCES FOR BOTH TRANS AND GAUCHE STATES AND A HIGH
DEGREE OF ROTATIONAL FLEXIBILITY. THE MAXIMUM BARRIERS TO FREE
ROTATION ARE SMALL AT ABOUT 0.35 KCAL/MOLE, HENCE THE CHAIN 1S
PREDICTED TO HAVE HIGH ROTATIONAL FLEXIBILITY. THE AM1 RESULTS
ARE QUALITATIVELY IN AGREEMENT EXCEPT FOR A BARRIER (0.3
KCAL/MOLE) RATHER THAN A MINIMUM AT TRANS, AND THE BARRIERS TO
CIS ARE SUBSTANTIALLY LOWER.

3. FOR POLY({PERMETHYLSILANE) [Si{CH )2] THE MNDO/2 RESULTS
SHOW A BROAD MINIMUM SURROUNDING TRANS“WITH SLIGHTLY SHALLOWER
AND STEEPER MINIMA AT THE GAUCHE STATES. THE MAXIMUM BARRIER TO
ROTATION LOCATED AT CIS, IS HIGH AT ABOUT 22 KCAL/MOLE. OTHER
BARRIERS OF ABOUT 2.7 KCAL/MOLE ARE LOCATED AT THE ECLIPSED
(#=+120°) STATES. HENCE, OVERALL THIS CHAIN IS LESS FLEXIBLE
AND EXHIBITS GREATER PREFERENCES FOR SPECIFIC CONFORMATIONAL
STATES (i.e. TRANS AND GAUCHE). THE AM1 RESULTS ARE AGAIN IN
QUALITATIVE AGREEMENT EXCEPT FOR SUBSTANTIALLY LOWER ROTATIONAL
FLEXIBILITY.

4. FOR POLY(PERMETHYLGERMANE) [Ge(CH,).,) THE MNDO/2 RESULTS
INDICATE A BROAD MINIMUM LOCATED AT TaA&S WITH STEEPER AND
SLIGHTLY SHALLOWER MINIMA NEAR THE GAUCHE STATES. COMPARED WITH
POLY(PERMETHYLSILANE), POLY(PERMETHYLGERMANE) EXHIBITS
QUALITATIVELY VERY SIMILAR PROFILE EXCEPT THAT THE BARRIERS ARE
SUBSTANTIALLY LOWER. THIS IS REASONABLE SINCE THE LONGER Ge-Ge
BONDS COMPARED TO THE ANALOGOUS Si-Si BONDS SHOULD REDUCE
STERIC CONFLICTS FOR CONFORMATIONS. AGAIN, AMl IS QUALITATIVELY
CONSISTENT WITH MNDO/2 EXCEPT FOR EXHIBITING LOWER BARRIERS.
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DIPOLE MOMENTS OF SOME POLY(DIMETHYLSILOXANE)
LINEAR CHAINS AND CYCLICS

E. Riaxpi* and J. E. Magrkt

*Insutute de Plastico Y Caucho, Madnd-6. Spain and *Department of Chemistry and the Polvmer
Rescarch Center, The Unnversity of Cincmnat. Cincinnau, OH 45221, USA.

(Recewed 26 April 1983)

Abstract —Dielectric constant measurements were carrnied out on polvidimethvlsiloxane) (PDMS) linear
chams CH[SICH ).0] -SuCH ), and cyehes HSICR 0P for x = 10, 15 and 70, in cvelohexane and
1n benzene at 30 C. Mean-square dipole moments (u°> were caiculated from these data. using the method
of Debve The values thus obtained for the hinear chains are consistent with results previousty reported
for short. linear PDXMS chains in the undiiuted state. Discermbie differences among the values n the two
soivents and undiluted state are manifestations of the “specitic solvent effect™ known to be imporiant in
longer linear chains the networks of PDMS. The cvclics were found 10 have dipole moments very similar
to those of the corresponding hnear chiins. The cvelies also showed a specitic soivent effect. in the same

direction as shown by the finedr molecules

INTRODLU CTION

The chain molecules which have been most exten-
sively studied with regard 1o conformation-dependent
properties  are  those  of  polvidimethyisiioxane)
(PDMS). Expenimentai mnvestigations have focused
on their random-coil dimensions [1]. dipole moments
[2-4). network thermoelastucity {1, 5], stress-optical
coefhicients [6. 7], and nng-chain cyvelization constants
(5. 9. Theorencal studies carried out to interpret. and
even predict. such properues are based on the weli-
known rotational 1somenc state theory [1]. and have
been notably successtul m this regard. Unusual fea-
tures of these chain moiccules which make them
attractive to both expenimentahsts and theonsts are
their tractibility  and  high-temperature  stability
[10. 11]. semi-inorgamc nature [12]. marked polant
[1.2~4]. unusual equation of state parameters {13].
abnormal entroptes of dilution and excess volumes
[14].  extraordinary  flexibibty  and  permeability
{10 110 15)0 and (because of unequal skeietal bond
angles) a low-energy conformation that approximates
« closed polvgon (1. 2] Another interesting teature 1s
tne existence of cvciics HSICH .0 covering a wide
range in degree of poivmenization v [§. 9. 16]. as well
as the unusual hinear chains CH.-[SitCH..0J,-
SCH.h

The present investigation 15 concerned with the
determination of expenmental values of the meuan-
square dipoie moment (x> of PDMS hinear chains

Tahle | Experimental data and results for the

and evchies having x = 10. 15 and 70. The required
diclectric constant measurements are carried out 1n
solution. 1n both c¢velohexane and benzene Com-
pansons with previous results {2.3] obtuined on
short, iinear PDMS chuins in the undiluted state are
used to document the dependence of < 1~ - on solvent
medium. Also of iterest are possible differences in
<1’ between linear chains and cvches having essen-
tially the sume degree of polymenzation {16].

EXPERIMENTAL

Tnree PDMS linear poivmers (L1. L2, L3) and three
esches (CLL C2. C3y were generoushy provided by Protessor
J A Semiven. The inumber-average) number n of $:—O
and O—5u skeletal bonds and polvdispersity indices are
given 1n the second and third coiumns of Tabie |

At least four solunons of each of the samples were
prepared in both cvelohexane and benzene. with the weight
tracuon w of polvmer ranging from 0.0025 1o 0.036. Specihe
volumes ¢ of the soiutions were then determined by dilato-
metry. indices of refiecuon A by difierenual retractometny.
and diclectne constants ¢ with the usual capacitance bnage
and a miniature three-terminaj celi [17]. All measurements
pertan o 30

RESULTS AND DISCUSSION

Values of the concentration dependence of the
guantites of interest were expressed as dr dwu.
dAc-dw, and dAn .dw, where Ac =1 —¢,) 1s the

PDMS hnear chainy and cvches in cvclohexane at

0 C
Poivme: n AL M, —dt dw dAr gw ~dAn du woan

Ll 2001 [Ne) 0215 0433 006 017
L RIS i 01 (I 0473 0 0G0 0190
L3 1411 10 0250 507 00N (SR
Cl 19" 113 0.220 0342 0002 (RN
(@ 296 1os 0282 0524 ({8 0.2
2 1392 {06 (1 260 (1491 0 onK 0203

ST







